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ABSTRACT

Out of the numerous high-mass X-ray binaries, only 6 are detected above 100 GeV, all
of which host a massive Be/O type star and a compact star. The nature of the compact star
in majority of these TeV binaries is unknown. The emission mechanisms in these systems
may hold key information about their population scarcity in our galaxy. VERITAS has been
instrumental in unraveling the physics of TeV binaries. This dissertation takes a closer look
at the well-known TeV binary LS I +61° 303 and a TeV binary candidate SS 433.

LS I +61° 303 has a compact star revolving around a giant optical Be star which is
rapidly losing mass due to its fast rotational speeds. The binary exhibits modulated emis-
sion from radio to TeV wavelengths dependent on its orbital and superorbital periods. This
dissertation presents three new key aspects of this TeV binary, a correlation between X-ray
and TeV emission from the source over multiple orbits that is sampled over 3 y, quiescent
TeV emission around the entire orbit and probable subtle spectral changes dependent on
the positions of the binary components in the 26.5-day orbit. The X-ray/TeV correlation
hints at the origin of emission at these two wavebands from a single particle population.
The TeV base emission and spectral variations may be indicative of a neutron star in the
system which flip-flops between its accretor and propeller phases along the orbit.

SS 433 is a high-mass X-ray binary consisting a stellar microquasar with dual rela-
tivistic jets orbiting a massive star once every 13.1 days. The binary is embedded in
the W50 nebula and the precessing jets are shaping the morphology of the surrounding
medium. The eastern and western jet termination regions have long been predicted to
be potential sources of high-energy gamma rays, produced due to the interaction of the
jets with surrounding interstellar medium. SS 433 is not detected at TeV energies from
~ 70 h of VERITAS data, 99% confidence level flux upper limits are calculated on multiple
regions along the jets and at the location of the blackhole that were selected based on
previous X-ray observations. The upper limits can be used to constrain the energetics in

this microquasar system.
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CHAPTER 1

HIGH-ENERGY ASTRONOMY

Astronomy is one of the oldest branches of the natural sciences. Humans throughout
history have tried to understand how changing patterns of the night sky influence their
everyday lives. What we see with our eyes is only a part of the larger picture.

The universe seen in thermal and nonthermal radiation, at various wavelengths ap-
pears quite different. The electromagnetic spectrum stretches from radio wavelength (com-
parable to the size of a building) to gamma-ray wavelengths (comparable to the size of
atomic nuclei). Most of the radiation seen from the universe is thermal in nature coming
from the matter at a temperature of a few Kelvin to 10,000,000 K, beyond which atoms
are ionized. The magnetic forces take over and the ionized matter in the form of electron
and other charged particles are accelerated along the magnetic field lines. The acceler-
ated charged particles further interact with matter, magnetic fields, and radiative fields to
produce X-ray and gamma-ray radiation. Figure 1.1* shows the Crab Nebula at various
wavelengths. While the X-ray image of the nebula clearly shows the jets and spiraling mat-
ter around the pulsar, the gamma-ray image appears as a point source and the morphology
is distinctively different at other wavelengths. In this chapter, the production mechanisms
of gamma-ray photons are discussed along with the description of gamma-ray binaries

which emit it.

1.1 Physics of High-Energy Radiation
Nonthermal high-energy (HE) and very-high-energy (VHE) photons are produced in
various astrophysical sources like blazars, pulsar wind nebula (PWN), supernova rem-
nants (SNR), etc. with power-law distributions. Charged particles are accelerated to rela-

tivistic velocities by the powerful electromagnetic fields present within these astrophysical

*Image from http:/ /www.wikiwand.com/en/Crab_Nebula
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sources. HE and VHE photons are produced by those relativistic charged particles through
various radiative processes like synchrotron radiation, inverse Compton scattering, and
hadronic interactions. The next section describes processes that accelerate ions to ultra-

relativistic energies followed by an overview of the radiative processes.

1.1.1 Particle Acceleration

Charged particles can be accelerated by an astrophysical electric or magnetic field.
In pulsars, acceleration of charged particles by the electric field is seen in the vacuum
gaps. Three different models are used to describe the origin of the emission based on
different locations of the vacuum gaps. Particle acceleration and emission can occur from
the gap above the magnetic pole of the pulsar (Polar Gap model) or from a region away
from the surface of the pulsar surface where the co-rotation velocity of the surrounding
plasma approached the speed of light (Out Gap model). The third model suggests particle
acceleration and radiation at the outward asymptotically extending narrow gap from the
magnetic pole (Slot Gap model).

A different acceleration mechanism, proposed by Enrico Fermi, uses magnetic fields
in the plasma at astrophysical shock sites. Astrophysical shocks are collisionless, i.e., the
mean free path of the colliding particles are much larger than the size of the system due to
low ambient density. The shocks are driven by plasma instabilities. The second-order Fermi
acceleration explains the acceleration of relativistic particles by reflection off randomly mov-
ing ‘'magnetic mirrors” within the plasma. Stochastic head-on collisions with the magnetic
mirrors increase the energy of the particle whereas a tail-on collision reduce its energy. The

former is more probable than the later. The average energy gain (AE) per collision is given

(5)-5

where v and c are velocity of the plasma and light respectively and E is the particle

by

energy before collision. The name second-order is based on the exponent. The energy
spectrum N (E), a function of the characteristic time of confinement of the particle in the

accelerating region T, is given by

Tacc

N(E)dE = const. x E' e dE (1.2)
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where T, is the timescale for acceleration of the particles. This mechanism is much slower
and less efficient than the first-order Fermi acceleration mechanism.

First-order Fermi acceleration is expected when relativistic charged particles collide with
strong shock waves like those produced in supernova explosion and jets of active galactic
nuclei (AGN). The velocity of expanding plasma could reach 1000 times that of the inter-
stellar cloud. Physical properties like pressure, velocity, temperature are different on two
side of the shock front. The charged particles do not interact directly with the shock front
but are assumed to interact with the plasma. Hence, their directions are always isotropic
with respect to their surroundings. The relativistic particles energy in its stationary frame
increases at each shock crossing, independent of the direction in which it crosses the shock.

Every time the charged particles cross the shock front it gains energy give by

()-36)

The energy spectrum the particle is given by
N(E)dE = const. x e *dE (1.4)

Fermi acceleration processes are only part of the story. It is still unclear how the parti-
cles are initially accelerated to relativistic energies before the first-order and second-order
mechanisms take over further pushing them up to ultra-relativistic velocities.

One of the more recent theories of particle acceleration uses magnetic reconnection which
is the breaking and reconnection of oppositely directed field lines within the plasma. At ex-
tremely high temperatures matter is ionized and exists as a cloud of electrons and positive
ions referred to as the plasma state. The plasma has it own magnetic field lines trapped
within the material. Charged particles are guided by magnetic fields within the plasma
and they, in turn, change the magnetic field, both maintaining a dynamic equilibrium. If
two magnetic field lines come too close to each other the entire pattern is disrupted and
the field lines break and reconnect into an entirely new configuration in plasma releasing
enormous amount of energies. Magnetic reconnection converts the stored magnetic field en-
ergy into heat and kinetic energy imparting exorbitant energy to charged particles thereby
accelerating them to high energies. Magnetic reconnection may produce a power-law
particle distribution following

dN

_ -p
IF «x E (1.5)
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where p may reach 1 for highly magnetized plasma (1). This is considerably harder than
the first-order Fermi process, where the particle distribution with a spectral index of 2 2
may be achieved. It is possible the shocks and magnetic reconnection to contribute towards
particle acceleration in the same source like it is seen in Earth’s magnetosphere. There are
other acceleration mechanisms which are been proposed as well like shear acceleration (2),

wakefield acceleration (3), etc.

1.1.2 Radiative Processes

Most of the radiation from the universe is thermal radiation given off of stars, dust,
gas, and other galaxies. Above absolute zero temperature, all matter emits thermal radi-
ation. Thermal energy generated by the random movements of atoms and molecules in
the matter is converted to electromagnetic energy resulting in the emission of photons.
Exotic sources in the universe like supernova remnants, active galactic nuclei, gamma-ray
bursts, pulsar wind nebulae, nova, etc. emit nonthermal radiation that extends from
X-ray energies to gamma-ray energies, the furthest end of the electromagnetic spectrum.
Charged particles accelerated to relativistic energies produce the nonthermal radiation via

a multitude of processes which are described in the following sections.

1.1.2.1 Relativistic Bremsstrahlung

Bremsstrahlung, translated from German, means ‘breaking radiation” and is referred
to radiation from an electron when it is decelerated in a Coulomb field of atomic nuclei.
A schematic diagram of the process is shown in Figure 1.2. If the electron was initially
traveling at relativistic energies then it may also radiate photons of similar energy. This
implies that the electron power-law energy distribution will be echoed in the energy spec-
trum of the emitted photons, with the same spectral index. It is an important phenomenon
occurring in the development of cosmic-ray induced particles showers in the atmosphere,

and in that context will be discussed in Section 2.4.2.

1.1.2.2 Inverse Compton Scattering
A photon interacting with an electron may transfer energy by scattering the electron
and changing its direction in the process known as Compton scattering. The inverse

mechanism happens commonly in astrophysical sources, where a charged particle (mostly
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electron) may interact with a 'seed” low-energy photon, transferring a bulk of its energy,
to the photon, raising it to gamma-ray energies. This process is called inverse Compton
scattering and is one of the most common production mechanisms for VHE gamma rays
(4). A parallel schematic comparison for both the process is diagrammatically shown in
Figure 1.3. The low-energy seed photons may be from the cosmic microwave background
(CMB), local infrared (IR) photons from dust and clouds, optical and ultraviolet (UV)
photons from stars or X-ray photons from accretion discs, etc.

If E, is the initial energy of the photon then after collision the energy of relativistic
electron (E},) is given by:

E;g ~ ')/ZEseed (1-6)

where v = 1/v/1 —0v2/c2 = Ep /m,c? is the Lorentz factor (5). The rate of energy lost by
the electron (dE./dt) while interacting with an isotropic seed photon field with energy

density U, is given by
dE,
dt

4
= —gaTcﬁ%Zup (1.7)

where o7 is the Thomson cross section and B = v/c. The above equation holds only in
the Thomson regime where yhv < m,c?, v being the frequency. The resulting spectrum
of the scattered photon follows a power-law of index (1 + a/2) if the electron spectrum
itself also follows a power-law of spectral index a. Above this limit, the full Klein-Nishina
cross section must be used so that the probability of the interaction is suppressed (6).
In the Klein-Nishina regime, the electron loses a major fraction of its energy in a single

interaction.

1.1.2.3 Synchrotron Emission

Photons produced by synchrotron radiation hardly reach gamma-ray energies yet it
is one of the dominant processes producing nonthermal radiation and provided impor-
tant information about the cosmic ray population in the source. Radiation produced by
relativistic charged particles spiraling along strong magnetic fields is called synchrotron
radiation. The emission is beamed into a cone of angle a & m.c?/E, shown in Figure 1.4
and it is emitted in a continuous spectrum with a characteristic peak.

The continuum falls off exponentially above the critical gyration frequency w,. = 3¢y®/2p,,

where 7y and p. are Lorentz factor and radius of curvature of the magnetic field, respec-
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tively. The higher particle energies gives more polarized and more collimated synchrotron
beams. Often the energetic electron population may upscatter the synchrotron photons
they produced themselves while travelling in the magnetic fields, a process called syn-
chrotron self-Compton (SSC). If SSC radiation can be identified by comparing morpholo-
gies, emission region, etc. at the source, then the ratio of radiative losses from inverse
Compton and synchrotron radiation (77) can be used to estimate the magnetic field in the
region (B) using the following equation:

_ ()i _ U

n =
(%)sync 257120

(1.8)

where U, is the energy density of the radiation and j is permeability of free space.

1.1.2.4 Curvature Radiation

Extremely strong magnetic fields ~ 10'> G dampen the gyration of the relativistic
charged particles due to synchrotron losses. In this case, the particles propagate along the
magnetic field line instead of a moving in a helical path around it, producing curvature
radiation. A diagram of the process is shown in Figure 1.5. When curvature radiation is
beamed in the forward direction it may reach gamma-ray energies. This is one of the most
important gamma-ray production mechanisms of pulsars.

The maximum Lorentz factor of curvature photons is given by

B (395E|)1

~ 1.9
MeC? 2e (1.9)

Ymax =

where E| is the electric field strength parallel to the magnetic field, p. is the radius if
curvature of the magnetic field and E}*™ is the maximum energy of the electron. The
electrons reach the radiation-reaction limit when its gain in energy from acceleration in the
magnetic field is equal to its loss due to curvature radiation. The photon spectrum at this
point has a break given by

ek — p1/20ne) () (2)" = et (3) (2) (110

Above the break energy an exponential cutoff is seen in the energy spectrum, a common

feature in all the Fermi-LAT pulsars (7).



1.1.2.5 Neutral Pion Decay

Hadrons could contibute significantly to the gamma-ray emission observed from the
different sources via decay of neutral pions. Cosmic rays (primarily protons but also
helium and other heavy elements) are accelerated at shocks via Fermi acceleration mech-
anisms. These accelerated cosmic rays collide with other hadrons from the ambient matter
(interstellar medium, decretion / accretion discs, stellar winds, etc.), produce new mesons
and baryons, some of which decay to produce gamma rays. The most likely production

processes are:

0 = oyt

Cosmic Ray + Ambient Matter - p+p — | 77 — u" +v, (1.11)

O R T
The 7t° decays into two gamma-ray photons 98.8% of the time and the 77+ and 7t~ decay
into muons and neutrinos 99% of the time with a lifetime of 1071¢ s (8). Neutrinos are seen
by detectors like IceCube (9), neutrino observations could assist in identifying hadronic vs

leptonic models of gamma-ray emission from a source.

1.2 Astrophysics of Gamma Ray Binaries

Gamma-ray binary is a broad definition for binary systems detected at HE and/or VHE
regimes. They are a subset of X-ray binaries and their distinguishing feature is that their
main power output is at gamma-ray wavelengths. The nonthermal radiated power of a
gamma-ray binary dominates the spectrum in comparison to the thermal component from
the optical star (10). X-ray binaries have a compact object (either stellar blackhole or a
neutron star) accreting matter from a companion star. Based on the mass of the companion
star (M,), they are characterized as Low Mass X-ray Binaries (LMXB) where M, < 2 —3 Mg
or High Mass X-ray Binaries (HMXB) where M, > 10 M, . Only 6 of the HMXB binaries
are detected at VHE energies and all of them host a giant O or Be type star. They are listed
in Table 1.1. In the HE energy range, a lot more variety is seen with LMXB, microquasars
(1Q ) and two giant main sequence stars with colliding winds. A brief overview of each
of the different types of gamma-ray binaries is presented in the next section along with a
diagrammatic representation of each type in Figure 1.6. The last section focuses of HMXB

which are detected at TeV energies.



1.2.1 Microquasars Binaries

As suggested by the name, microquasars (#Q ) are mini versions of AGNs with an
accreting blackhole expelling powerful jets. Similar to AGNs, the relativistic jets of uQ
exhibits emission from radio to X-ray energies supporting the presence of TeV electrons
which, in turn, could result in HE and VHE emission. At present, two uQs are known
emitters of HE emission both detected by AGILE and Fermi-LAT . They are Cygnus X-1
(11, 12) and Cygnus X-3 (11, 13, 14), both systems harbor blackhole candidates orbiting
massive stars. The spectral state of a uQ is its key feature; #Qs generally show the presence
of HE emission only when radio emission is seen. Thermal emission up to MeV energy
range may be seen in the spectrum but the observed GeV emission is unrelated to the
MeV spectral tail. While the MeV thermal emission may be coming from the corona of the
accretion disc, the GeV emission is produced further out from the disc (15). Small pressure
differences within the jet itself may give rise to shocks. These shocks cause recollimated jets
and are the probable sites of particle acceleration that result in the observed GeV emission.
In AGNS, these recollimated shocks give rise to knots of observed HE / VHE emission
(e.g., M87 (16)).

The Cyg X-3 binary system has a massive Wolf-Rayet star in a 4.8 h tight orbit with
a black hole candidate (14). The high mass loss rate of the optical star exerts extreme
ram pressure on the companion due to close proximity (only one stellar radius distance),
which would be sufficient to recollimate the jets of the blackhole, a possible explanation
for the HE emission seen from the system. This system has not been detected at VHE
wavelengths.

Cyg X-1 has been observed at VHE wavelengths and only one time came close to being
detected by MAGIC in 2006 with a 4.9 ¢ pretrials (17). The VHE excesses by MAGIC was
observed during an X-ray flaring state contemporaneously detected by RXTE, Swift and
INTEGRAL. Cyg X-1 was detected ~ 8¢ significance level using 7.5 years of Fermi-LAT data
and a gamma-ray luminosity of 5.5 x 10 erg s~! above 60 MeV was calculated(18). The
origin of HE emission could be either leptonic or hadronic. The most likely explanation
of the HE emission is the upscattering of seed photons by inverse Compton processes by
energetic particles produced in the relativistic jets. The seed photons could be thermal

photons from the optical star and/or accretion disc. Strong polarization in the 0.2-1 MeV
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tail provides evidence of synchrotron emission in the jets, which could also explain the HE
emission produced by Synchrotron-Self-Compton processes.

No VHE emission has been seen from extensive searches of other microquasar X-ray
binaries either with a high-mass or a low-mass companion (19-21). Deeper observations
of our galaxy by Fermi-LAT and the next generation Cherenkov telescope, Cherenkov
Telescope Array (CTA) will further constrain the emission models of #Q and may help
in finding gamma ray emitting #Q X-ray binaries. For now, the VHE emission from a uQ

binary remains unconfirmed.

1.2.2 Pulsar Binaries

Pulsars are abundant in the HE sky and a lot of them have companion stars which
overfill their Roche lobe and transfer the matter to the pulsar. Depending on the mass
of the companions the pulsar binaries could be a Low-Mass X-ray Binary (LMXB) with
M, < 1.5 Mg, or a High-Mass X-ray Binary (HMXB) with M, 2 10 M, . While HMXB with
a pulsar have an O or B type massive companion star the LMXB may have main sequence
stars of 1.5-5 M, from which matter has been stripped away by the pulsar or white dwarf.
LMXB are concentrated in the direction of the galactic center and are progenitors of the
majority of observed millisecond radio pulsars. Rotation-powered pulsars drive tenuous
highly relativistic winds of charged particles (¢7e™) and electromagnetic energy beyond
its light cylinder. In pulsar wind nebulae (PWN), the pulsar is isolated, and its energetic
wind travels far out interacting with the shell left behind by the supernova explosion
(which created the pulsar) creating shocks. In binary systems, the pulsar wind interacts
with the wind of the optical companion, a much denser environment and forms a shock
structure at a much smaller scale than a PWN. Equating the pulsar wind ram pressure to
the surrounding ram pressure of the isotropic, coasting stellar wind, we can estimate the
distance traveled by the pulsar wind

B =~ $Where = My
d "~ 1474172 T="E/e

(1.12)

where the orbital separation is 'd’, E is the pulsar wind power, M., and v,, are the stellar
wind mass loss rate and velocity, respectively. A strong stellar wind would generate a
strong “thrust’, M,,v, would constrain the pulsar wind close to the pulsar itself (7 > 1)

which implies R/d < 1. The opposite is true when the strong pulsar wind pushes back
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a weaker stellar wind to its surface (7 < 1) implying R/d ~ 1. HE and VHE gamma
rays may be produced by energetic particles accelerated at the shock via diffuse shock
acceleration (Fermi acceleration) or shock-driven reconnection. For details see (22) and
references therein.

Besides PSR B1259-63, only 4 other pulsar binaries with massive companions have been
detected: PSR J1740-3052, PSR J1638-4725, PSR J0045-7319, and PSR J2032+4127 (22). While
the first three may be too faint to detect at HE due to low spin down power and larger
distances, the last one is a very promising candidate. PSR J2032+4127 is a 143 ms pulsar
in a super eccentric orbit (e = 0.95) possibly associated with 15 Mg, star with a 45-50
year orbital period (23, 24). The pulsar is approaching periastron in November 2017 and
providing a once in a lifetime opportunity by current generation telescopes to observe any
variable HE / VHE emission from the associated (yet unidentified) source TeV J2032+4130
(25, 26). The brightening X-ray emission seen by Chandra and Swift (by a factor of 70 since
2002 (24)) currently during pulsar approach towards periastron may be due to the collision
of the pulsar wind and the Be star wind similar to that seen in PSR B1259-63. This makes
PSR J2032+4127 / TeV J2032+4130 one of the most interesting multiwavelength targets of

opportunity.

1.2.3 Other Binaries

Two other types of binaries have been detected at HE by Fermi-LAT . A nova explosion
in 2010 from V407 Cygni located in the Cygnus region by Fermi-LAT was a surprising
event. It was the first time that HE gamma rays were detected from such a binary (27).
V407 Cygni and other nova binaries are composed of a white dwarf and an aging star
(red giant or red dwarf). The outer shell of an aging star expands from which matter
(mostly hydrogen) is captured by the white dwarf and accumulates on its surface. When
the density of matter reaches above a critical limit, fusion of hydrogen into helium begins
resulting in a powerful explosion. The thermonuclear runaway event blasts the accumu-
lated gas creating shocks in the expanding envelope around the white dwarf star. At
the shock front, particles may be accelerated by Fermi acceleration processes resulting in
the observed HE emission. As the nuclear burning ceases after a few days the pressure

falls and the envelope around the white dwarf fades away. Most of the energy in a nova
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is released in the optical band but the detection of multiple nova events by Fermi-LAT
establishes another class of gamma-ray binaries (28). Nova events have not been detected
at VHE energies yet, which places limits on the highest energies to which particles can be
accelerated in such systems (29).

HE gamma rays > 100 MeV were detected from # Carina, a colliding wind binary sys-
tem by AGILE during July 2007 - January 2009 (30). The # Carinae system has a luminous
blue variable star (LBV) of ~ 90M in a highly eccentric orbit (¢ = 0.9) with a O star of
~ 30 Mg, . Powerful dense winds from both the massive stars collide producing X-rays
during its ~ 2023 days orbital period (30) and is an ideal laboratory to study theories of
particle acceleration and radiation under extreme conditions. There are multiple recipes
of HE photon production that may be used to explain the observed HE flux. The collision
of supersonic winds from the massive stars creates efficient shock fronts where charged
particles are accelerated through first-order Fermi and other acceleration mechanisms (31).
Seed photons from nearby stars and thermal photons arising from collision of the winds
could be inverse Compton scattered by the energetic particles producing HE emission that
dominates the HE spectrum up to GeV energies. If the shocks accelerate protons efficiently,
they may interact with protons from the dense stellar outflows and produce neutral pions
which decay to produce HE gamma-ray photons. While AGILE had seen flares in 7 Cari-
nae at gamma-ray energies (30) similar to X-rays, Fermi-LAT observed steady gamma-ray
emission. The binary has now been intensely observed over three periastron passages,
each time exhibiting an X-ray flare followed by a dip and then gradual recovery of the
emission, but with slight differences each time. This may indicate structural changes in
the colliding winds. 7 Carinae is the sole member of the colliding wind gamma-ray binary

class and remains undetected at VHE.

1.2.4 TeV Binaries
TeV Binaries are a special class of HMXB that consistently has been detected by VHE
instruments. Currently, there are only 6 such systems. Most of the TeV binary systems
exhibit modulated emission over a broad range of wavelengths tied to their orbital periods
(Pyrp).- While all of them have a compact object in orbit around a massive star (O or Be

type) their periods can extend from a few days to a few years. PSR B1259-63 is the only
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TeV binary known to host a ms pulsar, for the others the nature of the compact object
is still unknown. The next section takes a closer look at three of the TeV binaries PSR
B1259-63, LS 5039 and HESS J0632+057 which will help us understand different aspects of
these systems. Since LS I +61° 303 is the principle source of interest for this dissertation,
its relevant background is discussed in later chapters of the dissertation in the context of

observations, analysis, and results.

e PSR B1259-63: In the PSR B1259-63 binary system, a luminous Be star SS 2883 of
30 M is orbited by a 48 ms radio pulsar once every 1236 days. An artist im-
pression is shown the system in Figure 1.7. The equatorial disc of the Be star is
inclined to the eccentric orbit of the pulsar. Intense HE and VHE emissions are
observed from the system when the pulsar crosses the dense decretion disc of the
Be star. At periastron the pulsar is only 0.9 AU away from its companion and its
radio pulses are eclipsed. The colliding winds of the pulsar and the Be star wind
results in a bow shock where e"e™ may be accelerated and produce gamma rays
by IC processes. Several mechanisms of HE gamma-ray production via synchrotron
radiation, bremsstrahlung radiation, and pion decay may also be at play (32-34).
The HE emission seen by Fermi-LAT a month after periastron was almost 30 times
brighter than what has been observed preperiastron (35). Studies of PSR B1259-63

provide crucial understanding of the emission mechanisms in other TeV binaries.

e [.55039: Emission is observed from LS 5039 from radio to TeV energies. The compact
object orbits the 23 M O type star once every 3.9 days. VHE emission was first
observed from the system by H.E.S.S. (36). The geometry of the binary system is
shown on the left panel of Figure 1.8 where Superior Conjunction (SUPC) is the
orbital position of the CO when its eclipsed by the bigger optical star and Inferior
Conjunction (INFC) when it is in the foreground of the optical star. While the X-ray
and VHE emission show similar characteristics the HE emission seems to be anticor-
related with TeV emission. Maxima and minima is observed at inferior and superior
conjunction, respectively, for both X-ray and TeV energies, but the trend is opposite
for Mev-GeV energy range. A spectral evolution from a harder to a softer state is

seen between inferior and superior conjunction at TeV energies, this is also inverted
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in the MeV-GeV energy range. Spectral energy distribution (SED) in the VHE range
is shown on the right panel of Figure 1.8. While a simple power law for SUPC phase
range (in blue) fits the spectral points, an exponential cutoff around 6 TeV is seen in
the spectrum for INFC passage (37). The seperation between the star and the CO
the binary system varies between 2-6 R,, immersing the accelerated charged particle
in a dense photon field continuously. The stellar photons are boosted to gamma-ray
energies very efficiently by inverse Compton processes on account of shorter radia-
tive timescales compared to the escape timescale. Proton-proton interaction in the
dense stellar wind resulting in neutral pions and their decay into gamma rays may

also contribute to the observed flux (38).

HESS J0632+057: Observations by H.E.S.S of the Monoceros Loop SNR in 2004 re-
sulted in the serendipitous discovery of HESS J0632+057 (39). It is the only gamma-
ray binary which is not detected by Fermi-LAT at HE (40, 41), but is detected by other
VHE instruments (42, 43). Observation with Swift confirmed the binary nature of
HESS J0632+057, identifying the X-ray source XMMU J063259.3+054801 and Be star
MWC 148 as the two components of the binary system. The period of the binary is
about 315 days, and it exhibits modulated X-ray and TeV emission around the orbit.
The VHE and X-ray emissions were found to be correlated (44). HESS J0632+057
exhibits two distinct maxima in the flux at both X-ray and VHE wavebands with
a X-ray minima in between at apastron (45). A simple one-zone leptonic model,
where relativistic electrons lose energy by synchrotron emission and inverse Comp-
ton emission resulting in the X-ray and VHE emission, respectively, can explain the
observed correlation between the two wavebands. The alternating maxima and
minima in the emission observed may arise due to geometry of the sytem and/or
mass accretion rate from the stellar disc onto the compact object. For extended
discussion on the missing MeV-GeV emission and the peculiar light curve, see (45)

and references therein.



Table 1.1: Catalog of gamma-ray binaries.

Name Binary Components P, [dl HE VHE
High Mass X-ray Binaries
LS 5039 ? @) 3.9
HESS J1018-589 A ? @) 16.6 v
LST+61° 303 ? Be 26.5
HESS J0632+057 ? Be 315
PSR B1259-63 47.7 ms pulsar Be 1236.7
HESS J1832-093 (47) ? ? ? ?
Low Mass X-ray Binaries (selected few)
XSS J12270-4859 1.7 ms pulsar red dwarf 0.29 X
PSR J1023+0038 1.7 ms pulsar red dwarf 0.20 X
2FGL ]J0523.3-2530 ? red dwarf 0.69 X
PSR B1957+20 3.8 ms pulsar brown dwarf  0.38 X
Microquasars
Cyg X-3 blackhole ? Wolf-Rayet 0.20 X
Cyg X-1 blackhole O 5.60 ?
Novae
V407 Cyg white dwarf red dwarf 14000 ? X
V1324 Sco white dwarf red dwarf 0.07 ? X
V959 Mon white dwarf red dwarf 0.30 X
V339 Del white dwarf red dwarf 0.137? X
V1369 Cen white dwarf red dwarf ? X
Colliding Wind Binaries
1 Carinae LBV O/WR 2023 X

Table is updated from (22), see references therein
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Pulsar B1259 -63
Mass: About twice the sun’s
Diameter: 12 miles (20 km)
Nov./Dec.2010.disk passage . 3
; Fermi observes faint gamma-ray emission

Pulsar closest approach
{ Dec. 15,2010

LS 2883 *
Type: Be star

' Mass: 24 solar masses
Diameter: 9 suns

Jan./Feb. 2011 disk passage . \ Gas disk
Fermi sees intense gamma-ray emission \ .

/\ .

5 \
Pulsar orbit

Period: 3.4 years

Figure 1.7: Anatomical diagram of unique binary system PSR B1259-63. It is the only
TeV Binary where the compact object has been confirmed to be a pulsar from its pulsed
emissions. The pulsar has an orbital period of 3.4 years and emits high-energy gamma
rays twice during its passage through the equatorial disc of the star. (Credit: NASA’s
Goddard Space Flight Center/Francis Reddy)
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Conjunction (red). Both figures are reproduced from (37).



CHAPTER 2

OBSERVING HIGH-ENERGY RADIATION

Observation at extreme energies comes with many challenges. High energy photons
(from far UV to gamma-ray energies) do not reach the earth’s surface like photons in
the optical or radio energy range. HE photons have to be imaged in space or imaged
with indirect techniques on the ground. Some of the leading telescopes observing the
farthest end of the electromagnetic spectrum are discussed with special focus on Swift,

Fermi, VERITAS, which are instruments relevant to this research.

2.1 X-ray Telescopes (keV energies)

The earth’s atmosphere is opaque to X-rays, they have to be observed from space-based
instruments. The first imaging X-ray telescope Einstein Observatory was launched in
1978. Since then many successful X-ray telescopes like EXOSAT, Ginga, RXTE, ROSAT,
ASCA XMM-Newton, and Chandra have detected thousands of X-ray sources both in and
outside the galaxy. In this particular dissertation, data from the Swift X-ray telescope are

extensively used. A description of the instrument is given below.

211 Swift- XRT

The Swift Gamma-Ray Burst Explorer (48) is a pioneer transient astronomy instrument
primarily dedicated to observing Gamma-Ray Burst and their afterglows in multiwave-
length. Three instruments are carried by Swift, the Burst Alert Telescope (BAT(49), energy
range 15-150 keV) which detects bursts and autonomously slews the instrument rapidly in
that direction to observe it with the X-ray Telescope (XRT(50), energy range 0.2-10 keV) and
Ultra Violet Optical Telescope (UVOT (51), 170-600 nm band). The satellite was launched
in 2004 and has observed more than 1000 GRBs, the farthest one being 13 billion lightyears
away from earth occurring at the dawn of star formation in the universe.

Swift has a flexible Target of Opportunity program using which the XRT is pointed
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at interesting sources by other instruments to perform multiwavelength studies. The XRT
uses a grazing incidence Wolter I telescope to focus X-rays onto a focal plane camera, which
contains a single e2v CCD-22 detector. It has a 23.6 x 23.6 arcminute FoV and positional
accuracy of 3 arcseconds. Is has an effective area of ~ 125cm? at 1.5keV and had originally
4 readout modes (Image, Photodiode, Windowed Timing, and Photon Counting). The
modes are designed to avoid saturation of the detector during various phases of observa-
tions and switches autonomously based on instantaneous count rates in each CCD frame.
The Swift Gamma-Ray Burst satellite is shown in Figure 2.1 and the schematic diagram of

the onboard X-ray Telescope(XRT) is shown in Figure 2.2

2.2 Space Based Gamma-Ray Telescopes
(MeV-GeV energies)

High-energy photons cannot be focused like optical or even X-ray photons. Above
20 MeV gamma-ray photons are detected by electron-positron (e~ e™) pair produced from
their interaction with matter. The direction and energy of the photons in determined from
the e~ tracks in the detector and the energy deposited in the calorimeter. COS-B and
EGRET were pioneers on gamma-ray astronomy and discovered many HE galactic and
extragalactic sources. With the launch of Fermi Gamma-Ray Space Telescope (formerly
GLAST) in 2008, gamma-ray astronomy stepped into an era of unprecedented growth and

discovery.

221 Fermi Gamma-Ray Telescope

Fermi observes the high-energy sky in the energy range 20 MeV to >300 GeV (52). It has
two instruments on board, the Large Area Telescope (LAT) which is the primary imaging
gamma-ray detector and the Gamma-ray Burst Monitor (GBM) consisting 14 scintillation
detectors dedicated to detecting transient phenomenon. The LAT lies under the plastic
anticoincidence detector shown in Figure 2.3 which helps in determining the background
of cosmic rays. The gamma rays entering the instrument interact it one of the 18 tungsten
converter layers producing e~ e™ pairs. The e~ e™ pairs further produce ions interacting
with the thin silicon strip detectors, interleaved with the tungsten layers. The particles are
tracked in Si strips alternating in X and Y directions used in reconstructing the energy of

the incident gamma ray. The particles are absorbed in the cesium iodide calorimeter from
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which the energy of the incident gamma ray is calculated from the energy deposited in the
calorimeter. The GBM covers the energy range of 8 keV - 30 MeV and detects GRBs and
other transient phenomena, for details of this instrument see (53).

Fermi has made many discoveries over it 8+ years of operations and boasts of 3000+
sources in its catalog (54). One of the most intriguing discoveries by Fermi-LAT are the
Fermi Bubbles, two giant structures above and below the plane of the Milky Way con-
nected at the galactic center, perhaps a remnant of the activity of the supermassive black-
hole in the center of the galaxy. It has detected more than 1000 GRBs and the most distant
gamma-ray blazar. Recently Fermi-LAT detected the most extreme gamma-ray binary in
another galaxy called LMC P3. Residing in the Large Magellanic Cloud, a galaxy 163,000
light-years away, the binary has a 10.3 day orbit composed of a giant star accompanied by

a compact crushed stellar core and it is the most luminous gamma-ray binary known.

2.3 Ground Based Gamma-Ray Telescopes (TeV energies)

Astrophysical objects produce gamma rays with a steeply falling power-law spectrum
resulting in lower photon flux at higher energies. The Crab Nebula shows ~ 1073 7s
m~2 s~ labove 100 MeV when observed above 1 TeV yields only ~ 6 ysm2year ! (55).
Larger light collectors or detectors are required to compensate for the lower flux of pho-
tons. While space-based instruments have a distinct advantage of directly imaging gamma
rays with exceptional angular and energy resolution, they are limited in the size of the
detector (collection area ~ 1m?), hence, they cannot probe highest energy range of the
spectrum. Ground-based gamma-ray telescopes with effective collection areas of > 10°m?
measure VHE gamma rays indirectly from the Cherenkov radiation produced by gamma-

ray-driven particle cascades in the detector medium (atmosphere and/or water).

2.3.1 Imaging Atmospheric Cherenkov Telescopes
The first detection of the very first VHE gamma-ray source, the Crab Nebula by Whip-
ple Observatory in 1989 marks the beginning of the VHE gamma-ray astronomy field.
Since then many imaging Cherenkov telescopes has operated like HEGRA, CAT, CAN-
GAROO, CELESTE, STACEE. HEGRA for the first time demonstrated the benefit of stereo

imaging technique using 5 telescopes. The three currently operational new generation of
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Imaging Atmospheric Cherenkov Telescopes (IACTs) H.E.S.S, MAGIC, and VERITAS has
improved sensitivities an order of magnitude than the previous generation discovering
hundreds on VHE sources. A short description of H.E.S.S. and MAGIC are presented
below followed by detailed description VERITAS and it analysis technique at the end of
the chapter.

e H.ES.S.: The High-Energy Stereoscopic System or H.E.S.S. shown on the top panel
of Figure 2.4 is an array of 5 IACTs located in the Khomas Highland of Namibia at
1800 m a.s.l. 23°16’ S, 16°30 E. In phase I, H.E.S.S. began operations with 4 telescopes
in December 2003. A much larger 5th telescope was incorporated in the center of the
array and began the phase II operation in July 2012. The H.E.S.S. II telescope lowered
the energy threshold to 30 GeV (56-58). The 12 m sized smaller telescopes have 5°
tield of view and Davies-Cotton optical reflectors whereas the 28 m large telescope
has a parabolic mirror with 3.2° field of view. The galactic plane survey conducted
by H.E.S.S. provided an unprecedented glimpse at inner part of the Milkyway galaxy
at very high energies. Numerous new sources were identified which were associated
with SNRs, PWNs, binaries, star forming regions, starburst galaxy, active galactic
nucleus, and unidentified sources (59). H.E.S.S. has discovered more than 80 VHE
gamma-ray sources from it 10,000+ h of observations and continues observing the

non-thermal VHE southern sky.

e MAGIC: The Major Atmospheric Gamma Imaging Cherenkov Telescope or MAGIC,
shown on the bottom panel of Figure 2.4 is an array of 2 telescopes with 17 m diam-
eter observing the VHE sky from 30 GeV to a tens of TeVs. It is located at a height
of 2200 m a.s.l. on the Roque de Los Muchachos European Northern Observatory on
the Canary Island of La Palma (28°N, 18°W). Initially, its started operations with 1
telescope in 2004 and later an identical telescope was added in 2009 for stereoscopic
mode, improving the sensitivity significantly due to better background rejection.
MAGIC detected two of the most distant blazars PKS 1441+25 and QSO B0218+357
at VHE energies (60), light from these blazars has been traveling for over half the
age of the universe. Gamma rays are freely attenuated while traveling through the

universe due to the interaction with diffuse emission, the extragalactic background
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light. Detection of VHE emissions helped in improving the models for extragalactic
background light that is created by all stars and dust throughout the history of the
universe. MAGIC has made many important discoveries like pulsed VHE emission
from the Crab pulsar and delayed signal from QSO B0218+357 confirming deflection

of VHE photons by gravitational lenses in agreement with General Relativity (61, 62).

2.3.2 Water Cherenkov Telescopes

The Milagro detector that operated between 2000 and 2008 was the first particle de-
tector using water tanks. It detected the Crab Nebula, MRK 421, MRK 501 and a number
of extended sources in the galactic plane including the Geminga PWN. Milagro was the
predecessor of the current water Cherenkov telescope, HAWC briefly described below.

The High Altitude Water Cherenkov Telescope or HAWC observes gamma rays at the
highest energies between 100 GeV and 100 TeV. It is situated at the base of Sierra Negra
volcano in Puebla, Mexico (altitude = 4100m, location N 18°59’48"W97°18'34") (63). The
completed detector started operations in November 2014 and has a 1-year sensitivity of
5-10% (variation dependent on the declination of the source) of the flux from the Crab
Nebula. It has a wide field of view > 1.5 sr and a high duty cycle > 90% continuously
surveying the VHE sky. The unique detector uses 300 commercial water storage tanks
each with 4 upward facing photomultiplier tubes (PMTs) embedded in 190,000 liters of
ultra-purified water. The array of water tanks is shown in Figure 2.5. The basic principle
of operations is similar to IACTs except water is used as an additional cascading medium.
VHE photon that produces EAS reaching the ground produces further cascades in the
water. The detector acts as a calorimeter estimating the EM energy deposited from the
cascade particles. Larger transverse momentums are expected from cosmic ray cascade
particles, illuminating PMTs further from the shower core than from gamma-ray showers.
The patterns of illuminated PMTs are used to differentiate cosmic ray showers and gamma-
ray showers. A total of 39 sources were detected by HAWC from it 275 days of operations,
some of which are known VHE gamma-ray sources and a host of new unassociated source.

For details of the instruments and its outstanding discoveries see (64, 65).
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2.3.3 Future of Very High-Energy Astronomy

The Cherenkov Telescope Array or CTA, the next generation of IACTs promises to
increase the number of VHE sources by an order of magnitude. Three classes of telescopes
in the array will cover an energy range from 20 GeV to 300 TeV. The CTA Observatory will
host 8 Large Size Telescopes (LSTs), 40 Medium Size Telescopes (MSTs) and 70 Small Sized
Telescopes (SSTs) shown on left of Figure 2.6. While the northern site at La Palma, Spain
will be consists of fewer telescopes (15 MSTs and 4 LSTs) aimed at an energy range 20 GeV
- 20 TeV, the larger southern site at Chile will cover the entire energy range with 4 LSTs, 25
MSTs, and 70 SSTs. On the right of Figure 2.6, the expected sensitivity of CTA is shown in
comparison to the current generation of IACTs. For an overview of the CTA concept, see

(66).

2.4 Terrestrial Observations of Very High-Energy
Radiation

The atmosphere acts as a barrier between earth and high-energy radiation from the
universe, which while protects life on earth, also makes direct observation of VHE radia-
tion difficult. Relativistic cosmic ray particles and VHE gamma-ray photons on striking air
molecules initiates cascades of particle called Extensive Air Showers which emit Cherenkov
radiation. IACTs like VERITAS detect the faint ultraviolet Cherenkov light flashes and
reconstruct the incident primary cosmic-ray particle or photon. The following sections
explore the production of Cherenkov radiation in the atmosphere, the developments of

extensive air showers, and fundamentals of the detection technique employed by IACTs.

2.4.1 Cherenkov Radiation

The maximum velocity that can be achieved by a particle is that of the speed of light
in the vacuum (c). Light itself slows down in a medium like air or water which has a
refractive index greater than 1. In such a medium, a particle can travel faster than light
and in the process emits Cherenkov radiation. When a charged particle travels through a
dielectric medium it polarizes the surrounding medium. Once the charged particle has
passed the polarized molecules relax by emitting radiation (a pulse of light lasting tens
of nanoseconds). If the charged particle has low velocities, i.e., less than the speed of

light in the medium, the polarization is symmetrical along the path of the particle. The
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radiation produced during relaxation is not coherent and does not travel long distances.
If the charged particle, on the other hand, is traveling with ultrarelativistic speeds greater
than that of light in the medium, the polarization is asymmetric along the path of the
particle. The radiation produced during relaxation in this case called Cherenkov radiation
is coherent. Both these scenarios are shown in Figure 2.7. Cherenkov pulses are produced
along the track of the charged particle and they constructively add up according to Huy-
gens’s principle at a given angle from the particle trajectory as shown in Figure 2.8. The

Cherenkov angle (6¢) is given by:
c/n_ 1
pc  pn

The threshold speed to produce Cherenkov radiation is given by By, = 1/n as cos 6¢c <

cos Oc = (2.1)

1. According to Einstein’s relativity principle for a particle of rest mass, m the energy

threshold of the particle for the production of Cherenkov radiation is:

mc?

va— n?

Depending on the height of the atmosphere it density changes which in turn affects

Ecn = yme® = (22)

the refractive index. The refractive index increases on approaching the sea level which
changes the Cherenkov angle and energy threshold. At sea level, the refractive index at
visible wavelengths is 1.00029, so the maximum Cherenkov angle 0c ,,,,x = 1.4° atsea level,
and about 0.8° at an altitude of ~ 810 km, where VHE gamma-ray showers typically reach
their maximum development. Similarly, the threshold energies at sea level for electrons

and protons are 21 MeV and 39 GeV, respectively.

2.4.2 Extensive Air Showers
The cascades induced by charged particles are called hadronic showers and those by
VHE gamma-ray photons are called electromagnetic showers. There are some distinctive
features between the two showers which are key to separating the gamma-ray signal from
the cosmic ray background. The two types of showers and their key differences are shown

in Figure 2.9 and discussed in the following two sections.

2.4.21 Hadronic Shower
When a cosmic ray enters the Earth’s atmosphere it strikes nucleus of an atmospheric

molecule like nitrogen or oxygen and initiates a cascade of particles. The dominant particle
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produced in these interactions are 7t mesons which also collide with air molecules gener-
ating cascades. There are three components in a hadronic shower, the electromagnetic
component, the hadronic component and the muonic component. The electromagnetic
component is driven by electrons, positrons, and photons produced in subcascades that
have been initiated by immediate decays of neutral pions into photons (=~ 107! s). The
charged pions and kanons have larger decay times (=~ 10~% s) and collide with more
atmospheric molecules continuing the hadronic cascades. The multiplication will continue
until the energy of each secondary drops below the pion production threshold. Those
remaining nucleons and other high-energy hadrons belong to the hadronic component of
the shower. Secondaries with smaller energies decay into muons and neutrinos which
are the third component. Different components of the hadronic cascade are shown in

Figure 2.10.

2.4.2.2 Electromagnetic Shower

When a high-energy photon enters the atmosphere it initiates an electromagnetic cas-
cade. The photon creates an electron-positron pair (e*e') within the Coulomb field of an
atmospheric nucleus. The e~ and e loses energy by emitting bremsstrahlung radiation.
The photon from the bremsstrahlung radiation further produces e*e*pairs and the cas-
cade continues. In a simple model, the alternating processes continue with the energy
being equally distributed in each iteration (although in reality multiple photons may be
produced by a single lepton). Hence, energy of the particles halves while the number of
particle doubles as shown in Figure 2.11. As the shower advances the energy of particles
reaches a critical value of ~ 83 MeV where energy losses through ionization become the
dominant process for electrons which rapidly cool and thermalize. The shower has a
maximum number of particles at this point after which it rapidly decreases. As also the
energy of the bremsstrahlung photons falls below the pair production threshold, no new
leptons will be produced and the shower dies out. The cosmic ray flux entering the earth’s
atmosphere is about 4 orders of magnitude greater than gamma-ray flux. Rejection of the
cosmic ray background is essential to extract a pure gamma-ray signal which is done by
exploiting subtle differences seen in the extensive air showers the create. These differences

are:
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e Cosmic ray showers have large transverse momentum in the cascade particles. They
create a broader light pool and have significant contributions from muons which
reach the Earth’s surface. The Cherenkov light density is nonuniform unlike gamma

ray-induced air showers.

e Inelectromagnetic showers, all Cherenkov photons are emitted from a single shower.
This results in a constant temporal profile where photons emitted later are closer to
the ground arrive earlier than those emitted earlier during the shower. The hadronic
showers have irregular time profiles where muons being deeply penetrating reach

earlier than the Cherenkov photons from the main shower.

e Since hadrons penetrates the atmosphere further their showers are brighter due to

less atmosphere that the shower traverses.

2.4.3 Imaging Atmospheric Cherenkov Technique

Space-based telescopes like Fermi-LAT although extremely successful in detecting gamma
rays in the GeV energy range, struggle at higher energies because of their small effective
areas. The lower flux of VHE gamma rays requires much larger effective areas. As ex-
plained in the previous section, the VHE gamma rays create light pools on the ground,
if a detector is located within the lightpool, it could detect the Cherenkov flashes. The
ground-based observatories would have a much larger effective area with the atmosphere
itself acting like a calorimeter (67).

IACT telescopes employ large optical mirrors to reflect and focus light onto a camera.
The current generation of IACT telescope cameras is highly pixelated where each pixel is a
photomultiplier tube (PMT). For the next generation of telescopes, Geiger-mode avalanche
photodiode (G-APDs) as photo sensors are being tested (68). PMTs efficiently detect single
photons (~ 25%) with fast response times of a few nanoseconds. Due to the high gain of
the vacuum electron multiplier and low noise, PMTs are sensitive single photoelectrons
detectors which coupled with fast timings are capable of imaging the faint optical flashes
against the night-sky background.

Cherenkov light from the elongated air shower is projected on the camera as an ellipse
as shown in Figure 2.9. The distribution of light in the elliptical image of the shower holds

key properties of the shower development, like a more energetic primary particle would
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penetrate deeper in the atmosphere and generate of Cherenkov photons, thereby creating
a brighter image. Since electromagnetic showers are much tighter and well-behaved com-
pared to hadronic showers, the images of electromagnetic showers are regularly shaped
elongated ellipses compared to hadronic showers which are broader. This property was
studied extensively through simulations and a list of empirical parameters pertaining to
the image (parameters are described in detail in Section 2.5.2.2) was calculated by Hillas
and are named after him (69). The Hillas parameters are instrumental in identifying the
signal (gamma ray-induced showers) from the background (hadronic showers, which are
much more numerous). Detailed analysis of image and reconstruction of the event is
described in Section 2.5.2 in the context of VERITAS.

Stereoscopic imaging by multiple telescopes further enhances effective background re-
jection. An air shower has to trigger simultaneously at least two telescopes to be registered
as an event candidate, significantly reducing background from accidental triggers by NSB
or rogue muons created in hadronic showers. Currently, opperational stereoscopic tele-
scope arrays like VERITAS and H.E.S.S. also has superior angular and energy resolutions
compared to mono telescopes like Whipple. The biggest disadvantage of an IACT is their
low duty cycle (only ~ 1000 h in a year for VERITAS) since they can only operate during
clear good-weather nights with the moon illuminated < 80%. They are limited in their
field of view compared to space-based gamma-ray telescopes like Fermi and ground-based

water Cherenkov telescopes like HAWC.

2.5 VERITAS: An Imaging Atmospheric Cherenkov
Observatory

The Very Energetic Radiation Imaging Telescope Array System or VERITAS, successor
of the Whipple 10 m telescope is an array of 4 IACTs of 12 m diameter located at the
Fred Lawrence Whipple Observatory, Arizona, USA (31°40N, 110°57W, 1.3km a.s.l.). The
current operational array is shown in Figure 2.12.

It uses the Imaging Atmospheric Cherenkov Technique discussed in the following sec-
tion to detect gamma rays in the 85 GeV to > 30 TeV energy range (70, 71). It has been
upgraded twice, first was relocating one of the telescope (T1) in 2009 to a more symmetrical

position in the array to increase sensitivity by 30% (72, 72). The second upgrade in 2012
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was replacing the PMTs in the camera to a higher quantum efficiency ones (73, 74) and
an improvement of the trigger system (75). Currently VERITAS detects a source with 1%
flux of the Crab Nebula in less than 25 h. With reduced high voltages in the PMTs, the
array can now observe in bright moonlight (~ 80% moon illumination) increasing its duty
cycle by 30% (76). The lifetime of the instrument is divided in 3 epochs, V4 (Sep 2007 -
July 2009) initial array with all 4 telescopes, V5 (Sep 2009 - July 2012), after the relocation
of telescope 1 (T1) and V6 (Sep 2012 - present) post-PMT and trigger upgrades. Details
about the instrument and its data processing and analysis is presented Section 2.5.1 and

Section 2.5.2, respectively.

2,51 VERITAS: Hardware
Each of the 4 identical telescopes in VERITAS has 3 major hardware units, the optical
support structure with the mirrors and camera, the trigger system, and the data acquisition
system. The following subsections describe in brief each of the 3 units with references for

in-depth information.

2.5.1.1 Optics and Camera

The telescope has altitude-azimuth mount using a commercially made positioner on
a steel custom-made optical support structure (OSS). The spherical OSS with a radius of
curvature 7 on each telescope features 345 mirrors with a radius of curvature 2r according
to the Davies-Cotton segmented mirror design. Each hexagonal mirror facet has a surface
area of 0.322 m? with totals to a 140m? for the composite reflector. The Davies-Cotton
reflectors are relatively inexpensive and easy to align compared to parabolic mirrors and
have superior on-axis and off-axis aberrations. The only disadvantage to this design is that
the asynchronous nature of the mirrors broadens the arrival window of Cherenkov light
to ~ 4 ns in the case of the VERITAS reflectors (77). The 12-m diameter composite reflector
focusses light onto a camera supported by quad arm structure which uses a mechanical
bypass to direct the camera load onto a set of counterweights at the back of the OSS. The
segmented reflector, quad arms and the camera box can be seen in Figure 2.13

The camera is pixelated with 499 photo-multiplier tubes (PMTs) each of 28.6 mm di-
ameter. The PMTs are UV sensitive and have fast rise times coupled with high quantum

efficiency. The camera has a 3.5° field of view (FoV). The PMTs are housed inside light
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concentrators (modified Winston Cones (78)) to maximize collecting area and reducing
dead space between adjacent pixels. The Winston Cones restrict stray off-axis light from
hitting the PMTs and limit to those photons reflected off the mirrors. A multichannel
power supply controls the power to individual PMTs. The postupgrade Hamamatsu PMTs
(model R10560-100-20 MOD) have a higher quantum efficiency of 37% at 330 nm compared
to the preupgrade Photonics PMTs (model XP2970/02) with 20% quantum efficiency at 320
nm. The pulse width is also reduced from 6.8 ns from preupgrade to 4.2 ns in postupgrade.
The upgraded PMTs gains are approximately 1.5 times the gain of the original PMTs, both
operational with a nominal gain of 2 x 10° (79). A high-bandwidth preamp at the base
of each PMT further provides an additional gain of 6.6 and monitors the DC output for
anode current to protect the PMTs from sudden light flashes (from car headlights, airplane,

lightning, bright stars, and the moon)

2.5.1.2 Trigger System

The VERITAS trigger system identifies gamma-ray signals from background fluctua-
tions. The trigger has three hierarchical conditions which have to be satisfied for an event
to be classified and recorded as a gamma ray in the data acquisition system. A simple
flowchart of the trigger logic is shown in Figure 2.14.

The three stages of the trigger are as follows:

e L1: The Level 1 trigger or L1 is a pixel-wise trigger which fires when the signal in a

single PMT crosses a certain threshold. The out from L1 is sent to Level 2 trigger.

e L2: The Level 2 trigger or L2 fires when adjoining pixels receive a signal within a
designated narrow time window. The L2 trigger passes on its output signal to Level

3 trigger.

e L3: The Level 3 trigger or L3 is an array-wise trigger. When L2 signals from 2 or more
telescopes are received within a required time window, it fires the L3 trigger. The
VERITAS readout and data acquisition system (DAQ) finally processes and records

the event information from each telescope and writes it in the database.

For a detailed description of the triggering system, associated electronics, and the up-

graded triggering system see (75, 80)
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2.5.1.3 Data Acquisition

The VERITAS data acquisition system (DAQ) uses 500 megasample/sec flash analog-
to-digital converters (FADCs) (81). Analog signals from the PMTs are continuously dig-
itized at 2ns/sample rate by the FADCs which is then stored in a ring buffer for 32 us
waiting for the L3 trigger. On receiving the L3 trigger the standard operation of DAQ
reads out a section of the buffer for each PMT signal. Following this, a telescope level event
builder assimilates all event information and sends it to an array-level data harvester. The
job of the harvester is then to combine events information like event numbers, GPS timing,
etc. from all the telescope and saves it in a custom VERITAS data format (VBF) in the
database. Additional information from weather monitors, high voltage values, trigger
settings, source pointing detail, etc. is also written to the database along with the target,
observation mode, and manual reports from observers. The database is accessed by Data

Quality Monitoring (DQM) and offline analysis software to reconstruct the events.

2.5.2 VERITAS: Data Analysis

VERITAS has a simplified realtime analysis that is handy in detecting "flaring” sources.
The Quicklook analysis package (82) looks at individual runs as well as combines runs from
the same night for a source to give an estimate of its flux. Using predetermined flowcharts
for individual sources Quicklook helps observers on site decide Targets of Opportunity
observations for transients.

The detected signal is the starting point in the analysis from which the original gamma
ray is back calculated using simulations. From the moment the gamma ray strikes the top
of the atmosphere up to it being recorded as traces, many processes affect them. There is a
multitude of variables affecting the initial interaction height of the gamma ray, the volume
of the atmosphere, reflectivity of the mirrors, quantum efficiency of the cameras, the NSB,
loss in electronics, etc. Many of these variables cannot be measured directly and details
about the original gamma ray cannot be obtained by simply solving an equation with these
variables. The EAS are compared with simulations to identify gamma ray-induced show-
ers from a hadron induced background, reconstruction of air shower direction, energy of
the incident gamma ray and significance of source.

There are two offline analysis packages EventDisplay (ED) and VEGAS (VEritas Gamma-
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ray Analysis Suite) which are capable of more detailed analysis. The flowchart for the
EventDisplay package is shown in Figure 2.15. Both analysis packages are similar but use
independent techniques. Any results which are published are verified by both analysis

packages. This work is entirely done using ED.

2.5.21 Calibration and Image Cleaning

The charge from each PMT is digitized by the FADC as traces which along with all
trigger and time stamp information are stored in the database. The traces are characteristic
of the digital counts (d.c.) associated with the amplitude of the Cherenkov light pulse.
the d.c. is also related to the number of photoelectrons (pe). The response of PMTs are
complex, dependent on the wavelength and each one is different. They also have different
gains and varying length of cables which affects the arrival time of the pulses at the FADCs.
The idiosyncrasies of the PMTs require them to be calibrated. Laser pulses are fired at the
camera with a 337nm nitrogen laser through an opal diffuser for 2 min every night (called
a flasher run) illuminating the PMTs at the same time with similar intensity. The laser
is pulsed at about 10Hz and the intensity over the entire camera varies within a 10-15%
range. The flasher runs accounts for the changes in the PMTs gains over the period of
operation.

The fluctuations from night sky background (NSB) affects individual PMT rates. The
NSB changes rapidly with pointing position. It is continuously monitored by recording
at regular intervals the fluctuation in all PMTs. PMT outputs are negative voltages which
are then AC coupled and adjusted to a baseline voltage. The baseline voltage is selected
such to log small positive fluctuations but also has an adequate range to account for large
negative pulses. In the absence of a Cherenkov light signal, the output from the PMTs is
called the pedestal. The charge in each pedestal event is determined for individual pixels or
PMTs by summing the waveform data over a set period and plotting on a histogram. The
mean pedestal value is calculated from the histogram and the RMS value about the mean
is called pedvar. This process is repeated over several time slices during a single ‘data
run’. The pedestals are subtracted from a real event and pedvar accounts for the noise
in the system. The integrated charges are then corrected for relative differences in PMT

gains using the flasher calibration for the particular night. Figure 2.16 shows the stages
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of calibration and image cleaning from left to right. The image on the left shows a raw
image of the charges in the camera pixel and the one in the center is after subtraction of
the pedestal.

Following the above calibration, there might still be pixels with substantially integrated
charge residue due to single electrons or the NSB. These are isolated colored pixels seen
in the center image on Figure 2.16. Pixels with integrated charge more than 5 times its
pedestal RMS is called a “picture pixel” and those with more than 2.5 times adjacent to
the picture pixels are called "boundary pixels’. Pixels which can neither qualify as picture
pixels or boundary pixel are considered as noise and are further removed from the image.

The image of the right in Figure 2.16 is that of a final cleaned image of the shower.

2.5.2.2 Image Parameterization

As explained in Section 2.4.2 gamma ray-induced air showers are much more compact
and regularly shaped compared to cosmic ray induced air showers. The image on the
camera also translates this property, gamma-ray shower appears elliptical whereas cosmic
ray showers are broad and irregularly shaped. Specific parameters suggested by A. M.
Hillas is used to demarcating gamma-ray showers from cosmic ray showers (69). These
parameters now called Hillas parameters were formulated using Monte Carlo simulations
of air-shower development and atmospheric Cherenkov production in 1985 and were used
by the Whipple 10m telescope to detect the first gamma rays from the Crab Nebula in
1989(83). Hillas parameters of the image are calculated which is fundamental in recon-
structing the arrival direction and energy of the incident gamma rays. A diagram depicting
the Hillas parameters are shown in Figure 2.17 followed by the definition of the parameters

and the property of the shower that each one measures.

2.5.2.3 Event Reconstruction
The gamma-ray event can now be reconstructed from the image based on the calculated
Hillas parameters from the previous step. There are three fundamental properties of the
incident gamma ray that is calculated during event reconstruction. These are:
e The direction of arrival of the gamma ray. Since gamma-ray photons do not interact
with magnetic fields, the direction of arrival would trace it back straight to its source

in the sky.



34

e The location of the air shower core which would extrapolate to the point on the
ground where the gamma ray would have hit in the absence of atmospheric absorp-

tion.
o The energy of the incident gamma ray.

1. Arrival Direction Reconstruction: The elliptical image of the air shower from each
telescope is now overlaid on a single camera plane and the intersection of their major
axes gives the arrival direction of the incident photon similar to shown in Figure 2.18.
In reality, however, each pair of telescope images have their own intersection point.
For N images there are N.(N — 1)/2 intersection points.The intersection point is a

weighted average where weight W;; for a telescope pair i and j is given by

—1 -1
. w;
Wij — l + l X & —+ 1 X Sil’l@ij (2-3)
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The weight is dependent on the size of the image s;, the ratio of width to the length
of the image w;/I; and the sine of the angle between the two axes. Greater weight is
assigned to assigned to higher quality images that are brighter and more elongated.
Once the position in the camera coordinates for the source is determined it is con-
verted into astronomical coordinates (equatorial coordinates J2000 right ascension

RA and declination DEC).

2. Arrival Shower Core Reconstruction: Determination of the shower core location
(i.e., the point on the ground where the gamma ray would have stricken had it
not interacted with the atmosphere) is essential in determining the relative position
of the shower with respect to the telescopes. This reconstruction is similar to the
arrival direction reconstruction where instead of the analysis in camera coordinates
it is done in spatial coordinates. The reconstructed shower core is used to calculate
the impact parameter 'r’, the distance between a particular telescope and the shower
core in a plane perpendicular to the shower arrival direction (distance between point
Ti and P in Figure 2.19). The impact parameter is needed to calculate the height of

the shower maximum which is the point where maximum particles are produced or
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the brightest part of the shower. The height of shower maximum can be calculated
using the equation
' tan;

(2.4)

where 7; is the impact parameter and 6; is the angle between the image centroid
and reconstructed arrival direction of the gamma-ray photon each calculated for
the i telescope. Lines joining each telescope and the shower core intersects each
other and similar to direction reconstruction the shower core is also reconstructed by
weighted intersection points from pairs of telescopesas shown in Figure 2.20. The
height of shower maximum is a differentiating parameter between gamma rays and
background cosmic ray showers or muons of similar energies since the latter two

reach deeper in the atmosphere and have a lower height for their shower maximum.

. Arrival Energy Reconstruction: The energy of the incident gamma-ray photon is
proportional to the amount of Cherenkov photons emitted in the air shower which,
in turn, is related to the total charge contained in the shower image (size). But the
amount of Cherenkov light seen by the camera depends on many factors like the
distance of the air shower core, the direction of the air shower core (zenith angle,
azimuthal angle, wobble offset), the NSB level, etc. Since there is no easy way to
measure the instrumental response directly (like using a test beam), Monte Carlo
simulations are employed covering a large parameter space. Millions of incident
gamma rays are simulated from a variety of zenith angles and a scattered in a random
isotropic manner over and area (~ 750 m radii) around the telescopes. The events
are in the 50 GeV to 250 TeV energy range and follow a power law spectrum with
an index of -2. The Cherenkov light from the simulated air showers is used as an
input to a model of the detector and the resultant. Histograms are constructed for
median shower energies E required to produce an image of a given size at a given
core impact distance which is called look-up tables. One histogram is produced for
each combination of noise level, telescope number, offset between source and the
pointing direction, zenith angle, and azimuthal angle, resulting in the production of
a 7-dimensional lookup table for the reconstructed energy. For actual observational

data, these parameters are used as “address’ to find the correct corresponding energy
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of incident gamma ray. The reconstructed energy is weighted as follows:
Nr . /o2
E-h 8 @9
i 1/ UF,
where E; is the estimate of energy for telescope i and ¢; is the standard deviation of
the energy obtain from the look-up table. Examples of look-up table are shown in

Figure 2.21 and Figure 2.22.

2.5.2.4 <vy-Hadron Seperation

The next point in the analysis after all pertinent information about the air shower has
been obtained is to determine which of them have been created by gamma rays and which
by cosmic rays. An effective procedure to identify gamma ray-induced showers versus
cosmic ray induced showers was using the width, the length and other discriminating
parameters of the shower image. This was the older method called ‘box cut” analysis where
cuts on individual parameters were made to retain the gamma-ray signal.

Cosmic ray-induced showers are wider, longer, and irregular compared to gamma ray-
induced ones. The two parameters mean scale length (MSL) and mean scale width (MSW) of
the observed shower image is compared to that of their simulated value. Using the same
Monte Carlo simulation that generated energy look-up tables, MSCW and MSCL are now
used to calculate expected values. For an event observed by Ny, number of telescopes
with sizes s;, zenith angles z;, impact parameters r; and noise level n; (i is the index of

telescope), the two parameters are calculated as:

MsL— L y" Li 2.6)
N & Laim(si, i, 1, 15) '
1 Nr W:
MSW = 1 2.7)

Nror = Weim (i, 2i, 7i, 117)
With multiple telescopes these parameters can be averaged as reduced mean scale length and

reduced mean scale width calculated as:
1 Ny Ll' — i(Sl’, 1’,‘)

MSCL =
Nt 5 o1,mc(si, 1)

(2.8)

1 W W — (s, 1)
N1 = 0w,mc(si,7i)

where L, and Wy, are the expected values of length and width found by interpolation

MSCL = (2.9)

in the appropriate look-up table, derived from simulated data. [ and @ are median val-
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ues of length and width respectively from the simulations and o7 5;c and o, mc are their
standard deviations. The observed gamma-ray events parameters are distributed around
1.0 whereas for cosmic-ray events, the parameters are more broadly distributed around
larger values. The distributions are seen in Figure 2.23. Another parameter used in the
gamma-hadron separation is the §%. The angle between the reconstructed event and the
direction of a candidate source is called the 0 parameter. A predetermined value of 62
is used to define the source region and for an event, if 6° is less that the predetermined
value it is counted as a signal event. Placing cut-off values for these three parameters
MSCL, MSCW and 62 it is possible to reject 99% of cosmic-ray events and retaining 85% of
gamma-ray events (84).

Recently an advanced analysis method was developed by the Boosted Decision Tree
(BDT) machine learning technique improving the sensitivity of the analysis. Discrimina-
tion of gamma rays from the background is achieved by a multivariate analysis. Several
variables are combined into a single variable which indicates the degree to which an event
is gamma-ray-like or cosmic-ray-like. For a detailed description of the method and the

improvement in sensitivities compared to standard analysis of VERITAS data see (85).

2.5.2.5 Background Estimation and Significance Calculation

Even with best gamma-hadron separation methods that reject of the majority of cosmic
ray some background still remain. They may be positron or electron-induced showers
or hadronic shower which look similar to gamma-ray ones. A purer gamma-ray signal
can be obtained by further subtracting the background. A region of interest around the
gamma-ray candidate source (ON) is defined along with a signal free background region
(OFF). The size of the ON region is defined by the parameter 62 which for point-like sources
is < 0.008deg? and for extended source could be up to 0.02deg?. A simple way to select an
OFF region that was used by the Whipple 10m telescope was to point at a blank patch
of sky with no expected gamma-ray signal at about similar azimuth and elevation as the
ON observation on the source. But this method resulted in only 50% of the observational
time to actually observe the source. This was solved using the wobble observation mode
where the source was placed at a slight offset from the camera center and the background

is sampled from same offsets in the camera from other directions. The observation is
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averaged out by placing the source in 4 different offset positions, north, south, east, and
west. There were two methods used in the wobble observations modes for background
estimation which are the Ring Background method and the Reflected Region method. In the
Ring Background, method the OFF region is defined as a ring around the ON region with the
definition of radius and width from the user. In the Reflected Region method OFF regions,
the same size as the ON region are placed in a ring arrangement around the pointing
position with the ON region as a part of the ring. Both the methods of selecting OFF
regions for a particular ON regions with the source are shown in Figure 2.24

The number of excess events is obtained by using the number of events in the OFF

region (Norr) and in the ON region (Noy) as follows
Nexcess = Non — «NoFrF (2.10)

where « is a normalization parameter. For Ring Background method « is the ratio of the
solid angle subtended by the ON region to that of the OFF region. For Reflected Region
method « is the ratio of the time spent of On region to OFF region. The uncertainty of

Nexcess 1s given by

ANexcess = \/ANéN + OCZANéFF (2.11)

where ANpy and ANorr are errors on the number of events in ON and OFF region respec-
tively. Considering Poissonion distribution for the counts the error on excess counts can

be rewritten as:

Al\lexr:ess = \/ANON + DCZANOFF (2-12)

The significance ¢ on the counts is hence given by

o= NexcessANexcess NON _ D‘NOPF (213)

= v/ Non + «?Norpr

The above method was demonstrated by Li and Ma insufficient due to uncertainity

in the number of background counts (86). They proposed a more robust method follow-
ing log-likelihood test of the null hypothesis, that all counts come from the background

distribution. This equation takes the form

o= \fz{NoN m[l 1‘ « <NONN‘(|‘DI}]\IOFF>} + Nogr ln[(l ta) <No$]ipliimﬂ } (2.14)

NI=

Typically a source is ‘detected” when the Ny is large enough to lead to a Significance

> 50.
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2.5.2.6 Spectral Reconstruction and Flux Calculation

When a source is significantly detected from its excess counts a spectral distribution
can be reconstructed. A spectral distribution examines how the measured energy is dis-
tributed throughout the excess counts. This is vital in understanding the spectral energy
distribution of the gamma-ray source. Before spectral reconstruction the effective area of
the detector has to be determined. Effective area defines the efficiency of the telescope in
detecting and measuring gamma rays. It is a complicated function of zenith angle, pedvar,
cuts of size, MSL and MSW, etc. The effective area is also determined from Monte Carlo
simulations of showers scattered over a radius of 750 m on the ground within energy
range 50 GeV to 250 TeV with a spectral index of -2. Only 2-3% of the showers trigger
the simulated detector out of millions and only 0.5-2% passes the quality cuts. The effective
area is obtained as:

S(E)

Aeff(E) = WE)Athmwn (2.15)

where N(E) S(E) are the number of events thrown and the number of events which pass
the cuts respectively and Ayoyy, is the area on the ground over which the simulated events
were thrown.

Using the effective area the differential energy spectrum can be determined. The differ-
entialenergy spectrum is the number of detected excess events detected per unit area per

unit times per energy interval given by

dF(E) . Nexcess(E)
dE Acff(E)TopsdE (2.16)

where T, is the dead-time corrected observation time of the data sample and dE is the
width of the distribution binning. The excess in each observation is weighted by the time

and area over which the excess was accumulated, given by

dF(E) _ Yo Nixcess(E) (2.17)
dE. Yy Al (E)T), dE '

obs

where i is the index and # is the number of observation runs.
Due to the interdependence of the effective area and the differential energy spectrum, the
bias in the energy reconstruction will change the shape of the effective area (an index of -2

was assumed for simulated events), depending on the shape of the simulated spectrum.
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Table 2.1: Hillas parameters used for identifying gamma-ray showers, highlighted param-
eters are the original 6 from (69).

Size Sum of all digital counts in the image, measures brightness of the shower

Frac2 Fraction of the total image contained between two brightest pixels,
measures concentration of the image brightness

Length Approximate length of image along the major axis

Width Approximate length of image along the minor axis, measure shape of
the image along with length

Azimuth ~ The RMS spread of light along a line perpendicular to the line connecting
the image centroid to the center of FoV, measures shape and orientation
of image

Miss Perpendicular distance between the major axis of the image and
the center of FoV, measures orientation of the image

Distance  Distance between centroid of image and center of FoV

Alpha Angle beween major axis and a line joining centroid of image to
center of FoV, measures the orientation of the image

Length/Size  Measure of the compactness of the image in comparison to
its total light content, helps eliminate local muon background

Loss Fraction of the image contained within the camera

NTubes ~ Number of pixels that forming the image, an estimation of the
quality of the image
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Figure 2.1: The Swift Gamma-Ray Burst Mission Telescope. Photo courtesy of NASA.
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Figure 2.2: X-ray telescope schematic diagram with an inset diagram of grazing incidence
used for focussing X-rays. Photo courtesy of NASA.
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Figure 2.3: The Fermi Gamma-Ray Space Telescope.



43

Figure 2.4: Top: High-Energy Stereoscopic System II telescope (H.E.S.S. II) located in
Namibia, near the Gamsberg mountain. Bottom: Major Atmospheric Gamma Imaging
Cherenkov telescope (MAGIC) located in the Canary Island of La Palma, Spain.
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Figure 2.5: High Altitude Water Cherenkov Observatory (HAWC), located on the flanks of
the Sierra Negra volcano near Puebla, Mexico.

This is solved by iterating the above equation and correcting the weight on the effective

area with each iteration using the measured energy spectrum(87).
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Figure 2.6: Left: Artist impression of the three classes of telescopes in Cherenkov Telescope
Array (CTA). From right to left in the picture, the Large-Size Telescopes (LST) with 23m
diameter for lower energy range, the Medium Size Telescope (MST) of 12m diameter for
medium energy range and three different Small Size Telescopes (SST) which are being
tested with 1-2m diameters for the highest energy range. Credit: G. Pérez, IAC, SMM
Right: A comparison of the performance of CTA with the currently operational gamma-ray
instruments in the same energy range, image courtesy CTA Consortium.



45

0Q0% 0RO | | 000 0RO L S,
035 e050 || 5065, &050 || 58 S
8@2@%1%@%58 Sersiopteicies] NSNS
OO@OQ NSeele OOQOQOQOQ%OOO e . <’

(a) v < ¢n (b) v > ¢/ (c)v>c/n

Figure 2.7: Production of Cherenkov radiation. (a) When a charged particle travels slower
than light in the dielectric medium the radiation during relaxation is random and cancels
out. (b) When charged particles travel faster than speed of light in the medium there is
directional polarization (c) When particles relax from directional polarization they emit
Cherenkov radiation (46).
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Figure 2.8: Schematic of the Cherenkov radiation emitted along the path of a fast moving
particle.
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Figure 2.9: Diagrammatic representation of image created on the telescope camera by a
gamma ray-induced shower and cosmic ray induced shower. The gamma-ray shower be-
ing more temporally and spatially coherent produce compact ellipsoidal images compared
to cosmic ray shower which are randomly irregular in shape. Image credit A. W. Smith
(88).
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Figure 2.10: Particle cascades created by an incident cosmic ray is shown on left with
simulation of 10 showers produced by 300 GeV protons on right. Simulation image from
(89), cascade image from (46).
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Figure 2.11: Particle cascades created by an incident gamma ray is shown on left with
simulation of 10 showers produced by 300 GeV gamma ray on right. Simulation image
from (89), cascade image from (46).

Figure 2.12: The Very Energetic Radiation Imaging Telescope Array System Observatory
located at the Fred Lawrence Whipple Observatory at the base of Mt. Hopkins, southern
Arizona, USA.

Figure 2.13: Left: Davies-Cotton tessellated mirror of the VERITAS telescope (T2) with
camera box supported on the quad arms. Center: 499 pixel PMT camera of VERITAS Right:
PMTs housed inside the lightcones.
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Figure 2.14: A simplified flowchart of the VERITAS trigger system by R. Bird.
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Figure 2.15: VERITAS data analysis flowchart for EventDisplay package.
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Figure 2.16: The stages of calibration and image cleaning. Left: Raw image Center: Raw

image after pedestal subtraction Right: Cleaned image (46).

Camera Center
Figure 2.17: Hillas parameters. Image from (46).
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Figure 2.18: Direction reconstruction by VERITAS array from images in the camera. Image

from (46)
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" Shower

Figure 2.19: Schematic diagram of the projection of a air shower on image plane of
telescopes. The labels are as follows, S — Source location, P — Shower core location on
ground, Ci — Centroid of image, Ti — Location of i telescope. Figure reproduced from
(90).
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Figure 2.20: Schematic diagram of air shower core location reconstruction. Solid line along
major axis of the shower images on the camera joins to the location of shower core for the
particular camera. Intersection between each pair of telescopes are weighted to obtain
a final location of the shower core, the point on ground where the incident gamma ray
would have hit in the absence of atmosphere (46).
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Figure 2.21: Example of look-up table with the x-axis represnting the size and y-axis the
distance of the shower core for a 20° and camera pedvar 5 d.c. Using these two parameters
the z-axis i.e. the median energy of the shower is obtained. Image from (46).

B
(=
(=]

distance [m]
w
(3]
o

300

250

200

log,, energySR (median) [GeV]

150

100

50

G[TTTTITTITT[ITTT[TIITT[ITTITJITIT[ 11T IIIIIIII_

55 6
Iog10 size

Figure 2.22: Distribution of the standard deviations corresponding to the distribution of
energies from the top look-up table. Image from (46).



';'mf\ T I T T T T 7 T | T T T ‘ T T LI | L T 1_7
) r —=— simulations (y-rays) ]
§ 250 | —— On-Off (Crab data) .
2 - lO? simulations (Cosmic-rays) -
] - .| i
‘6 200; | data (Cosmic-rays) ]
C O 1
y _
3150 n .
c - | i
L 1 é ]
- ] f i
L 1 T +++H'+ T 1»++ i
100 : e

5 ++ ++
L .0 + +h
L n | ]
L bt 1 ]
50— T+ ? -
L + i
o . ]
- ) 4
o-s 4

54

;: : T I UL T T 1T 7 I T 1T ‘ T 1T ‘ T 1T 17T I:
‘E'ZSO__ —&— simulations (y-rays) _
§ i | | —m— On-Off (Crab data) ]
=] : “{‘ simulations (Cosmic-rays) i
<200 ¢ 4N |
%5 C ) ll\')l data (Cosmic-rays) ]
: i ]

'E 150 | —
5 L i
= T a | ]
100~ ! i + + ]

: L T :

L ! i 1 1T ]

- TH ]

50- = +‘|’++ \,TI | . T ++++__ 4

L cmm W b

L o) e | oL ‘.. ) ]
Omm=: q 1 ﬁ%@%@@eﬁ

MSCL

Figure 2.23: Distribution of MSCL on left and MSCW on right for observed data and
Monte Carlo simulations for signal and background regions. The ON-OFF distribution
is background-subtracted data for Crab Nebula. Image provided by G. Maier.
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Figure 2.24: (a) Ring Background and (b) Reflected Background methods used for back-
ground estimation. Figure reproduced from (91).



CHAPTER 3

DECADAL STUDY OF LS I +61° 303 WITH
VERITAS (2007-2016)

The TeV binary LS +61° 303 located 2 kpc away from Earth has a compact object (CO)
in an eccentric orbit around a giant Be type 10-15 M, star (92). LS I +61° 303 exhibits
modulated gamma-ray emission around its 26.5 days orbit, mostly detectable at TeV ener-
gies around its apastron passage, with maximum flux during ¢ = 0.55 — 0.65 phase range.
Multiple flaring episodes at TeV energies have been observed since its detection in 2006
with nightly flux variability. Significant TeV emission was also detected in late 2010 from
the source close to its periastron passage at superior conjunction. VERITAS has observed
LS +61° 303 for over a decade, accruing 200+ h of data during different parts of its orbit.
The TeV spectrum is well fitted by a power law with small variations of spectral index of
~ 2.6 over year long timescales. Emission from the entire orbit detected from radio to GeV
wavelengths enables detailed studies of the modulation pattern, super-orbital period, and
orbit-to-orbit variabilities. Previously, such studies were difficult at TeV energies since the
source was detectable only for a fraction of the orbit during its apastron passage. For the
tirst time, TeV emission from LS I +61° 303 is now detected by VERITAS almost entirely
around the binary’s 26.5 day orbit. We have analyzed all available data for LS I +61° 303
since Fall 2007 in 10 individual phase bins of width A¢ = 0.1. The source was detected at
> 50 significance level for 9 out of 10 phase bins. A spectral analysis for two different parts
of the orbit revealed subtle variation of the spectral index between them. The implication

of these results is discussed.

3.1 LSI+61° 303, an Exceptional TeV Binary
LS T 461° 303 (=V615 Cas) was identified as a variable radio emitter in 1977, discov-

ered during a galactic plane survey and later identified as the radio counterpart of Cos B
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gamma-ray source CG135+01 (93). It is a member of one of the most sparsely populated
source class of TeV binaries with only 5 other known members: HESS J0632+57, LS 5039,
PSR B1259-63, HESS J018-589, and HESS J1832-093. All of them exhibit modulated TeV
emission tied to their orbital periods ranging from a few days to a few years. The orbital
parameters of LS I 4-61° 303 are shown in Figure 3.1.

LS I +61° 303 has a rapidly spinning Be star, spectral type BOVe (94) in a binary
association with a companion CO of unknown nature. The much debated CO (either
a neutron star (NS) or a microquasar (#Q ) revolves around the main sequence star in
an eccentric orbit (¢ = 0.54 & 0.03) with a period P,,, = 26.4960 days (95). A diagram
of the orbit is shown in Figure 3.1. The solid black line marks the orbit of the compact
object around the Be star (in orange) with the circumstellar disc wind (in yellow). The
different phases (¢) are marked in the orbit: periastron(P) occurs at ¢ = 0.23 when the CO
is closest to the star, and apastron(A) occurs at ¢ = 0.73 when the CO is farthest away from
the star. Superior conjunction(SUPC) and inferior conjunction(INFC) are two positions in
the orbit with respect to the observer when the giant star in front of or behind the CO,
respectively. Periodic emissions are observed from LS I +61° 303 in radio, X-ray, GeV, and
TeV wavelengths, modulated by its orbital period (Py,;) (93, 96-99). The optical and IR
radiation from the Be star is also modulated by P,,;, (100), where the modulation occurs
due to the shock produced by the transit of the CO through the dense gaseous envelope of

the star.

3.2 The Compact Object of LS I 4-61° 303

Out of the known TeV gamma-ray binaries, PSR B1259-63 is the only one definitively
known to host a neutron star ( a 48 ms radio pulsar). The nature of the CO in LS1 4-61° 303
and other binaries is unknown. The CO in LS I +61° 303 has been both modeled as a NS
and #Q . TeV gamma rays are produced by either the shock front of the colliding pulsar
and Be star’s winds or by the relativistic precessing jets which are powered by accreting
matter from the Be star onto the blackhole. Neither models adequately explain all observed
features of this system. An overview of the NS vs uQ debate is presented in the following

sections.
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3.2.1 Accretion-Ejection / Microquasar Model

It was proposed in 1982 that the nonthermal emission from LS I +-61° 303 may be due
to an accretion-ejection mechanism of a yQ (93) and this model has been developed exten-
sively in the last few decades. Based on the leptonic or hadronic production mechanism of
the HE emission, there are two viable scenarios of the accretion-ejection yQ model.

According to the #Q model in (101), the CO moving in an orbit along the equatorial
plane of the Be star accretes matter from its circumstellar disc and then partially ejects it
as a jet. The jet then interacts with the surrounding matter from the stellar wind forming
shocks, accelerating electrons to relativistic energies. These accelerated electrons lose en-
ergy via synchrotron and IC processes where radiation produced by the latter is heavily
attenuated in certain phases due to 7y - ¢ annihilation. The HE photons produced by
leptonic processes interact with low-energy photons from the star or its circumstellar disc.
The rate of accretion by the CO depends on the relative velocity between the CO and
the material of the circumstellar disc of the star and its density profile. The authors of
the above model have assumed as a constant magnetic field of B = 1G and a photon
density (U) with contributions from the star (U,) and its circumstellar disc (Ucp) where
the former dominates except around periastron passage. Higher rates of accretion at peri-
astron (where there is the greatest density of matter) would result in greater HE emission.
According to the model, there would be increased HE emission at apastron where the CO
moving at slower velocities would also accrete matter at a higher rate (the slower velocity
of CO compensating for the lower density of matter from the stellar wind).

The generalized hadronic model for galactic #Q binaries described in (102) and adopted
specifically for LS I +61° 303 (103) has a jet (containing relativistic electrons and protons)
ejected by the BH perpendicular to the accretion disc plane. The jet would have an appre-
ciable relativistic proton flux which collides and interacts with strong, dense winds of the

star. Following the reaction channel
PHp—=p+p+Ean’ +Em(nt+17)

where ¢ is the corresponding multiplicity. The pions then decay to produce neutrinos and
GeV-TeV gamma rays. Acceleration efficiency of protons are low but so are its radiative

losses. A leptonic scenario alone is unable to explain gamma rays of energies greater than
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10 TeV that have been observed from LSI1+61° 303, as they predict a spectral break around
a few TeV (104). Electrons cool very fast through IC processes in the ambient photon field
of the optical star and its decretion disc. Contrary to electrons, protons can be accelerated
to much higher energies, resulting in harder TeV spectrum. Hence, a hadronic component
to the VHE emission mechanism is a necessary inclusion. For details and development of
the yQ model see references (101-106). Neither the 1 Q model nor the colliding wind NS
model (description in following Section 3.2.2) are successful in explaining all aspect of this
system. Some additional intrinsic properties of the xQ model and the evidence supporting

the accretion - ejection yQ model for LS I 4+-61° 303 are summarized below.

1. Consecutive radio observations by MERLIN in 2004 revealed a double sided 200 AU
structures from the CO (107). The left image of in Figure 3.2 shows a bent S-shaped
structure similar to a well know galactic microquasar SS433 with precessing jets (in-
set). The image on the right of the same figure shows the disappearance of one side of
the jet. The authors have interpreted that the jet suffers large rotations on daily time
scales, calculating a displacement of 0.6 x 24 h for the eastern side of the jet resulting
in its disappearance. A series of observations performed with VLBA in 2006 revisited
in (108) show both single-sided and double-sided structures of LS I +61° 303 which
the authors concluded to be precessing jets of a uQ . The observations supported
a Doppler-boosted elliptical core precession with the counter-jet attenuated or de-
boosted, making it appear for large angles and disappear for smaller values. Based
on the astrometric shift of the core of this alleged jet, a 27-28 day period of precession

was calculated.

2. The orbital period (P,;) of LS I +61° 303 modulates its emission along the entire
electromagnetic spectrum. A second longer modulation period of the peak flux of
the radio outburst was observed (95). It had a periodicity of 1667 + 8 days (will
be referred to as superorbital period (Ps,,) now onwards). The peak of the radio
outburst in each orbit was also found to shift within phase range ~ 0.4 — 0.9. Each
Psyp period commenced at phase @syperorvitar = 0.6 when the peak radio flux occurred
close to periastron, gradually delaying the occurrence in each orbit later until reach-

ing apastron at ¢, perorvitar = 0-4. Another period claimed to be the precessional
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period of the uQ jet Py.= 26.92 4- 0.07 days, was derived analyzing radio data from
Green Bank Interferometer (GBI) (109). This newly discovered periodicity Py along
with Py,; and Py, was used to formulate a theory of astronomy beat (106).

1
Vorb—Vpre

= 1667 days matched Py, where v, = ﬁ and vy = %

pre

2 pum

® P = ——
avg Vnrb‘H/pre

26.70 £ 0.05 days was used to explain the delayed radio flux
peak observed in each superorbital period. It appeared that the radio modula-
tion was not according P,;but due to Py, which was first empirically calcu-

lated in (110).

In (106), it is demonstrated that the light curve from three consecutive radio outburst
(Figure 3.3 Top) demonstrated better periodicity when folded using Ps,¢ as seen in
Figure 3.3 Bottom frame rather than when folded using the orbital period P, as seen
in Center panel of the figure (106). The authors in (111) claimed LS T +61° 303 to be
an exception to the majority of HMXB, where the compact object is known to harbor
a precessing jet have a jet precessional period an order of magnitude longer than its

orbital period as predicted here (112).

. A 6.7-years’ data set from GBI revealed periodic radio flares were actually two con-
secutively occurring optically thick and thin outbursts (113). This double outburst
was modeled to be shock-in-jet model commonly used in the context of AGNs, where
a relativistic plasma traveling within a steady jet creates shocks. A steady, low-
velocity, conical jet centered on the system produces an optically thick emission with
a > 0 (for flux density S o« v* where v is the frequency). This is followed by optically
thin outbursts, i.e,, « < 0 by a ’transient jet” where isolated components, so-called

knots or plasmoids, are moving at relativistic speed away from the binary (114).

. Using ~ 36.8 years of data from multiple instruments it is demonstrated in (106) that
Py and Py, were the dominating periods driving the emission patterns of the LS I
+61° 303 binary system. Their model of synchrotron emission from a precessing jet
of period Py, refilled every orbit with period P,,, matched the observed 36.8 year

radio data over 8 consecutive superorbital cycles.
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5. The one-sided structure to be interpreted as a cometary pulsar tail would require
the Be star wind to overwhelm the pulsar wind, forcing the interaction cone to be
wrapped around the pulsar. A modest power from the pulsar wind in the order of
~ 10 erg s~ would force quite a wide interaction cone even for strong Be wind pa-
rameters assuming velocity Vg, = 10% km s~'and mass loss rate Mp, = 1078 M, yril,

making the CO as a neutron star candidate unlikely (104).

6. Finally the strongest argument presented against the NS model is the absence of
pulsed emission from LS I +61° 303 in any wavelength. The complete attenuation of
the pulsed signal at all wavelengths would require high column density throughout
the entire orbit (including apastron where elevated flux is noted in other multiple
wavebands), or a previously undetected special geometry between the rotational and

magnetic axis of the neutron star (115).

3.2.2 Colliding Wind Neutron Star Model
The second popular theory about the CO of LS I +61° 303 assumes it to be a young

03%erg s~! generating a strong relativistic wind

energetic pulsar with spindown power ~ 1
extending beyond its light cylinder. The isotropic "pulsar wind” is composed of electrons
and positrons radially flowing outwards with most of the spindown power being trans-
ferred to the leptons and a small fraction being transferred to the magnetic field (32, 116-
120). The stellar wind forms an envelope for the pulsar wind (similar to the remnant of
Crab supernova confining its pulsar wind). A collisionless shock forms between the pulsar
wind and the stellar wind, accelerating electrons to energies sufficient to produce X-ray
radiation via synchrotron processes. The shock is shaped like a 'bow” or ‘comet” pointing
away from the stellar companion. The X-ray producing electrons also transfer energy to
low energy stellar photons via IC processes, resulting in high-energy TeV photons. Most of
the emission occurs at the pulsar standoff distance R; (where the pressure from the stellar
wind and pulsar wind are at equilibrium):

E

IR = p0(Vw — V)? (3.1)

where E is the pulsar spin-down rate, p,, is the density of stellar wind, V;, and V,, are wind

speeds for the pulsar and the star, respectively. The distance of standoff, orbital separation,
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pulsar wind energy and magnetization are what determine the physical condition of the

shock, where the magnetic field varies with R; as
Box — (3.2)

At periastron, closest to the star, the stellar wind is the most dense causing a smaller
standoff distance R; resulting in a higher magnetic field B. The higher magnetic field
drives up the synchrotron emission rate, thereby reducing the maximum electron energy
available to low-energy photons. This lowers inverse-Compton production, resulting in
a decrease in TeV emission. At apastron, the density of the stellar wind is low due to
larger orbital separation resulting in larger Rs, thereby lowering the magnetic field. A
lower magnetic field reduces synchrotron losses and inverse-Compton losses dominate
producing greater TeV emission. For details of the model, refer to (88, 119)

An additional factor to be considered in the NS model is the composition of the wind
from the Be star. The stellar wind has a fast, radiation-driven isotropic component and a
slower equatorial component which forms a thin decretion disc. The fast wind is clumpy
and slows down the escape of HE electrons from the system. Plasma instabilities also help
in retaining the relativistic electrons within the clumps and are carried away with them.
The short time-scale X-ray variability reported in (121) is accounted to the time-dependent
emission of X-rays from these clumps. The relativistic electron in the clumps loses energy
via IC, synchrotron, and Coulomb channels, where the first two dominate in the 1 keV
- 10 GeV energy range, as demonstrated by the strong cutoff seen in Fermi-LAT data. A
diagram of the clumpy Be star wind and its interaction with the pulsar wind is shown
in Figure 3.4; the interaction region is irregularly shaped (shown by the dark gray circle)
instead of a smooth bow shock (dashed curve) dues to the clumpiness of the stellar wind.

For details of the clumpy pulsar wind model and associated arguments against the
microquasar model, see (120) and references therein. Top arguments in favor of the pulsar

wind binary are summarized as follows:

1. In the absence of detected pulsation from LS I +61° 303 , the most convincing evi-
dence presented to support the colliding Be-pulsar wind binary model were the 10
images observed every 3 days by VLBA covering one full orbit; the observations in-

dicated a cometary ’tail” structure pointning away from the massive star (122). Study
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of the tail indicated a synchrotron gradient opacity, with highest energy particles at

the head. Figure 3.5 shows a composite picture from this observation.

. A simple calculation using Kepler’s third law estimates the mass range of the CO in
LST+61° 303 tobe 1.27 < Mco < 1.98M with a most likely value of Mco ~ 1.6M,

(123),
P 472 (ay + ap)®
orb — G(M*—FMCO)

(3.3)
where a; is the semi-major axis, a, is the semi-minor axis, M, is the mass of the
Be star (estimated to be 12.17M, < M, < 17.83M, typical for similar spectrally
similar Be stars). The range of values for the mass of the CO was calculated varying
the orbital inclination angle (i,,, between 65° — 75°) which was assumed to be within
a few degrees of the inclination angle of the Be star equatorial plane (ig, ~ 70°) with
respect to the line of sight. A more significant misalignment than assumed in this
calculation would have resulted in considerable variability in the Ha emission twice
when the CO would have crosses the circumstellar disc in its orbit. Compact stars in
binary association within a mass between 1.4M., (Chandrashekhar limit) and 2.8 M,

are most likely neutron stars (124, 125). This makes a NS a good candidate for the
CO of LST+61° 303 .

. The broadband spectra of LS I +61° 303 seen in Figure 3.6 does not look like a
typical accreting microquasar binary at low Eddington ratio like Cygnus X-1, as
seen in (126). There is no cutoff seen in the LS I +61° 303 spectrum at ~ 100 keV,
generally seen in other microquasars. On the other hand, LST +61° 303 has a striking
resemblance with the broadband spectrum on PSR B1259-63, the only confirmed
pulsar wind binary (127).

. The orbital orientation of the CO in the LS I +61° 303 system may be uncertain but
there is no doubt that we do not view the system face-on like a blazar; hence, even if a
jet is present its emission would not dominate the spectrum. The aforementioned jet
has been also propounded to be fast precessing, changing orientation on daily time-
scale in (107), which implies during times when the jet is misaligned with its axis,

the spectrum would be dominated by the accretion emission. No such resemblance
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between the spectrum of LS I +61° 303 and a standard accreting black hole binary

has been found yet.

5. LS I +61° 303 exhibited a strong magnetar-like ~ 0.2s flare event, observed by
Swift-Burst Alert Telescope (BAT) with a flux of ~ 5 x 1078 erg cm~2 s~! peaking
in 15-150 keV range (128, 129). The flux was higher than the average flux by ~ 103,
with similarities to a blackbody spectrum, typical of soft gamma repeaters (SGR) or
anomalous X-ray pulsars (130). Such behavior may be indicative of strong magnetic
fields in LST +61° 303 , similar to other in magnetars which sometimes are known to

emit pulsar winds (131).

6. The authors in (120, 132, 133) also point out that most Be binaries with resolved CO
have neutron star companions, with a few exceptions containing hard-to-find dwarf
companions. This may be due to the unique evolutionary path of the binary system.
Initially, the more massive companion transfer mass to the B star during a period
of Roche lobe overflow powering rapid rotation and converting them to Be stars.
The rapid mass loss of the massive companion converts them to small Helium stars
with few solar masses, eventually exploding as a supernova and leaving behind a
neutron star but not a blackhole ( see (134, 135), and references therein). The authors
in (133) calculated a very small fraction (~ 1/30) may result in a blackhole following
different method of Be star formation which equates to < 2 blackholes among the

known galactic Be X-ray binaries.

3.3 VERITAS Observations and Analysis

VERITAS started observing LS I +61° 303 in 2006 (when MAGIC discovered it) and
has continued its campaign every year, accumulating nearly 240 h of data over 10 years.
The data used in this dissertation were collected between October 5, 2007 and November
23, 2016 covering three different epochs of the telescope operations. A summary of the
observations is listed in Table 3.1. The orbit of LS I +61° 303 is divided into 10 phase
bins of width A¢ = 0.1, setting ¢ = 0 on JD 2443366.775, the date of discovery of LS I
+61° 303 as a variable radio source. The entire dataset covers all the phases with maximum

exposures during the phases around apastron. Data was recorded in wobble mode with a
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0.5° offset, a standard technique for point sources. Due to the declination of the source, it
transits the sky at medium elevations; observations are in 29° — 42° zenith angle range. The
data used in the analysis are quality-selected to remove minutes affected due to weather
and hardware problems. Standard analysis for a point source using BDT technique is
performed using methods described in Section 2.5.2 at energy threshold Ej,es;, > 300GeV.
Except for three individual seasons 2008/2009, 2009/2010, and 2010/2011, the source is
detected every season with significance varying between 5.6c and 21¢ generally near
its apastron passage of the orbit. There was a single instance of detection of significant
emission (5.60) from LS I 4+61° 303 during its superior conjunction closer to its periastron

passage (136).

3.4 Results

VERITAS observations have yielded many interesting results over the years leading to
understanding the physical mechanisms at work in LST 4-61° 303 . A long-term monitor-
ing program by VERITAS has been successfully observing LS I +61° 303 for more than a
decade, acquiring at least 10 h of data every season. A study of the entire dataset (240+ h)
recorded since 2007 has new discoveries in store which could possibly help address a few
unanswered questions about this unique TeV binary. Flux-based lightcurves for the entire
data set is shown in Figure 3.7 with individual exposures for the years and their signifi-
cance of detections. In the first two sections, we take a closer look at individual seasons
when TeV outbursts occurred and when the source was in a quiescent state. In the next
section, we focus on the discovery of quiescent TeV emission from LS I +61° 303 almost
around the entire orbit. The final section is a study of the spectral energy distribution in

the TeV range at different parts of the orbit.

3.4.1 Seasons with TeV Outbursts
TeV outbursts are generally observed from LS 4-61° 303 close to its apastron passage in
the phase range ¢ = 0.6 — 0.7 when flux observed can be well above 15% of the Crab Neb-
ula. Photons with energy of 10 TeV or more has been observed during these flaring states
implying existence of energetic particles with tens of TeV energy in the binary system. We

take a closer look at 4 such occurrences during the 2011/2012, 2014/2015, 2015/2016 and
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2016/2017 observing seasons.

e 2011 / 2012: VERITAS recorded ~ 24 h of quality-selected live-time data on LS I
+61° 303 during the 2011/2012 season between December 16, 2011 (M]JD 55911)
and January 21, 2012 (MJD 55947). The source was active during its 2 orbits in
apastron phase with flux between 10 — 20 x 10~12ys cm~2 s 'above 300 GeV with
maximum flux of > 15% of the Crab Nebula. Using the advanced BDT analysis
techniques the number of "ON" events at the source location were Noy = 584 and
"OFF’ events were Norr = 307, corresponding to a significance of 13.60 detection.
For this same data set the previously published significance is 11.90 (137). The
previously published results fit the SED with a power-law fit of the form (1.37 +
0.145t01) X 10712 x ((E/1TeV))~2%+%15, The advanced BDT technique also improved
the SED and the current fit is listed in Table 3.2. LS I +61° 303 was also found to be
variable at TeV energies on a much shorter nightly timescales. Daily flux variability
was seen in these data where flux change at the significance level of 2.7¢ and 3.6c
were calculated. Using simultaneous / contemporaneous data from Fermi-LAT and
Swift XRT , these data were also tested for correlation between TeV fluxes and X-ray
and GeV fluxes but the emissions were found to be independent of each other. A
GeV-TeV joint SED using simultaneous data from Fermi-LAT and VERITAS exhibited
an exponential cuttoff of the GeV emission at ~ 4GeV, a characteristic generally seen

in Fermi-LAT pulsars.

e 2014/2015: In the 2014 / 2015 observing season, VERITAS acquired ~ 23 h of quality-
selected livetime data recorded between October 16, 2014 (M]JD 56946) and December
12, 2014 (MJD 57003) sampling 3 different orbits of the binary. Above a threshold
of 300GeV, the number of ‘'ON’ events at the source location were Noy = 841 and
‘OFF” events were Norr = 364, corresponding to a detection of 21.4¢ significance
level (after trials). The TeV flux was found inconsistant to a constant flux model at
the level of 100 and was tested for variability on nightly timescales. For each flux pair
(f1, f2) separated by a day with statistical errors (o7, 02), the probability that f; # f>
in terms of standard deviation (assuming fluxes and errors are normally distributed)

is obtained as:
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S(f # f) = ol (3.4

\/ 0403

Although the data were sparsely recorded having only a few pair of observations
recorded on consecutive nights, variability at 5.15¢ (pretrials) significance level was
found between a pair of consecutive nights. Spectral study for individual orbits
exhibited similar spectral shapes and indices. The TeV fluxes reaching more than
30% of the Crab Nebula that were observed during the first orbit is the highest ever
recorded from LS I +61° 303 . This historically bright flare confirmed the presence of
10-20TeV electrons in the system. Following a model independent method proposed
in (138) a magnetic field was obtained in the range (0.02-0.03)G. A detailed analysis
(Box cut method), results and interpretation of this exceptional flaring episode of LS I
+61° 303 was published with significant contributions from the author of this thesis
(139).

e 2015 / 2016: The following observing season 2015 / 2016 about 19 h of quality-
selected live time data were recorded by VERITAS between December 01, 2015 (MJD
57357) and January 14, 2016 (MJD 57401). Above energy > 300GeV the number of
‘ON’ events at the source location were Noy = 456 and "OFF’ events were Norr = 194,
corresponding to a significance of 15.4¢ detection (after trial). These data sample two
different orbits with some coverage around periastron passage leading up to the TeV

flaring phases. All the data in this season are in the phase range ¢ = 0.031 — 0.69.

e 2016 / 2017: In the current observing season of 2016 / 2017 LS I +61° 303 was
monitored between October 01, 2017 (MJD 57662) and November 23, 2016 (M]JD
57715) by VERITAS for nearly 14 h, out of which 12.6 h is good quality data and
unaffected by weather. The source was detected at a significance level of 11.8¢. The
data sample three different orbits in the phase range ¢ = 0.54 — 0.84. The phase
binned lightcurves of all the above discussed 4 years are shown in Figure 3.8, with
the fluxes in the ¢ = 0.6 — 0.7 range 15-30% of the Crab Nebula and during rest of
the of the orbit at the quiescent flux < 5% of the Crab Nebula.

The TeV spectrum is from all the years including outbursts and are fitted with a power

law of the form:
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The results on the power law fit for individual years are summarized in Table 3.2 and the
SEDs are shown in Figure 3.9. The spectral index remains more or less stable during the
flaring activity except in the most recent season when it appears to be softer but still within
error limits. In the last three observational seasons, LS I +-61° 303 has consistently been in
its elevated flux state near apastron. This type of consistency at TeV energies is seen for

the first time; whether it is a manifestation of a long term modulation is still unclear.

3.4.2 Seasons with Quiescent/ Low TeV emission
e October 2008 - December 2010: Following the first detection of LS I +61° 303 with
the full VERITAS array in the 2007 /2008 observing season, the source entered a phase
of low TeV emission over the next three seasons (136). In the next three seasons
2008/2009, 2009/2010, and 2010/2011, VERITAS acquired 38.4 h, 20.1 h, and 15.5 h of
good quality livetime data, respectively. The 2008/2009 data were recorded between
October 21, 2008 (MJD 54760) and February 01, 2009 (MJD 54863) in the original
configuration of the array (V4). The next two seasons were in V5 configuration after
the relocation of one of the telescopes and were observed between October 15, 2009
(MJD 55119) and December 12, 2009 (M]JD 55177) for 2009/2010 and between Septem-
ber 16, 2010 (M]JD 55455) and November 06, 2010 MJD 55506 for 2010/2011 season.
Phases covered during these three seasons were ¢pg_rp9 = 0.03 — 0.91 (sampled over
2 orbits), ¢rg9_1190 = 0.58 — 0.78 (sampled over 2 orbits) and ¢r19_r1; = 0.0565 — 0.4312
(sampled over 3 orbits). The integrated data set of 70+ h over all phases gave a
significance < 50, below the required significance level to claim detection. Above
the 300 GeV threshold nightly observations gave a flux upper limit of 3%-8% of
the steady flux of Crab Nebula. During its periastron passage (near ¢ ~ 0.1) LS I
+61° 303 was detected one time from the data recorded between September 17, 2010
(MJD 55455) and November 7, 2010 (M]JD 55507) it was detected at 5.6 significance
level. The source deviated from its known behaviour of outburst during apastron
passage as seen in 2007, and was not detected during the expected ¢ = 0.6 — 0.7

phase interval. The correlation between X-ray and TeV gamma-ray emission that
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was found previously by the MAGIC Collaboration during a single orbit in 2007
(140) was used to estimate an expected flux of nearly 10% of the Crab Nebula using
simultaneous Swift XRT data. But the 2008-2010 upper-limit was found 4.6 times

lower than the expected flux.

e October 2012 - January 2014: In 2012 /2013 observing season, VERITAS sampled the
tail of one orbit and the beginning of the next orbit covering phase range ¢ < 0.81 &
¢ < 0.46. The data recorded between December 05, 2012 (M]JD 56266) and December
21, 2012 (M]JD 56282) was targeted at the phase where TeV emission is generally not
detected but the source was detected in a quiescent state. In the 13.4 h data set 111
excess events were detected resulting in a 8.1¢ significance level. The flux above
300GeV was (4.36 + 0.62) x 10712 o cm~2 s~ !corresponding to 4.1% of the Crab
Nebula. In 2013/2014 observing season, VERITAS sampled 1 orbit covering phase
range ¢ = 0.26 — 0.72 recorded the data between November 25, 2013 (MJD 56621)
and December 07, 2013(MJD 56633). From the 8.6 h of quality-selected livetime
exposure an excess of 70 events above the background was detected corresponding to
a 6.00 significance level. The flux above 300GeV was (3.29 4+ 0.70) x 1072y cm 25!

corresponding to 3.1% of the Crab Nebula.

The observations during the previously mentioned two seasons were mostly targeted
to inspect emission at other parts of the orbit. We are not ruling out the near-apastron
TeV emission during this above timeframe. TeV observations are very time limited with
observations taking place separated by days and for integrations lasting only few h. The
orbital period of LS I +61° 303 is close to the lunar cycle which hinders observation
covering the entire orbit since IACTs have limited exposure during bright moon phases.
This also results in sparse sampling. During the 2 years, observations covered only 2
partial orbits out of 20 total, leaving a possibility that the source was active in some of

the unobserved periods.

3.4.3 Discovery of Base TeV Emission Around the Orbit
Using the full VERITAS observational data set recorded during September 2007 - De-
cember 2016, covering 10 observing seasons and three epochs of the instrument operations

revealed that TeV emissions from LS I +-61° 303 are seen around its entire orbit. Setting
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the orbital phase ¢9 = M]JD 43366.775 and using an orbital period P,,;,=26.4960 days,
the entire data set is divided into 10 phases with width A¢ = 0.1. Each phase bin is
individually analyzed and except for 1 bin the source is detected at > 5¢ significance in all
the phase bins. A summary of the results from each phase bin is shown Table 3.3. Integral

flux estimates from each phase bin is shown in Figure 3.10 and in Table 3.3.

e Phase bin ¢ = 0.0 —0.1: A total of ~ 16.6 h of quality-selected live time data
was available for this phase bin. An excess of 97 events from the source above the
background was obtained (excess map shown on top right of Figure 3.11) which
corresponds to detection at the 5.6 significance level. The significance skymap is
shown along with the significance distributions on the left panel of Figure 3.11 on
the top and bottom, respectively. On the bottom right of the figure, we see the cumu-
lative significance. The flux corresponding to this phase is (2.906 £ 0.6184) x 10712
cm~2 57!, which is about 2.8% of the Crab Nebula flux.

e Phase bin ¢ = 0.1 —0.2: A total of ~ 11.1 h of quality-selected live time data was
available for this phase bin. An excess of 76 events from the source above the back-
ground was obtained (excess map shown on top right of Figure 3.12) which corre-
sponds to detection at the 5.4¢ significance level (pretrial). The significance skymap
is shown along with the significance distributions on the left panel of Figure 3.12 on
the top and bottom, respectively. On the bottom right of the figure, we see the cu-
mulative significance. The flux corresponding to this phase is (4.03 & 0.82) x 10712
cm 2 s~ ! which is about 3.8% of the Crab Nebula flux.

e Phase bin ¢ = 0.2 —0.3: A total of ~ 19.8 h of quality-selected live time data
was available for this phase bin. An excess of 92 events from the source above the
background was obtained (excess map shown on top right of Figure 3.13) which
corresponds to detection at the 5.1¢ significance level (pretrial). The significance
skymap is shown along with the significance distributions on the left panel of Fig-
ure 3.13 on the top and bottom, respectively. On the bottom right of the figure, we
see the cumulative significance. The flux corresponding to this phase > 300GeV is

(2.77 £0.60) x 10712 4y cm~2 s~ !, which is about 2.6% of the Crab Nebula flux.
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e Phase bin ¢ = 0.3 — 0.4: A total of ~ 19.8 h of quality-selected live time data was
available for this phase bin. An excess of 110 events from the source above the back-
ground was obtained (excess map shown on top right of Figure 3.14) which corre-
sponds to detection at the 6.1¢ significance level (pretrial). The significance skymap
is shown along with the significance distributions on the left panel of Figure 3.14 on
the top and bottom, respectively. On the bottom right of the figure, we see the cu-
mulative significance. The flux corresponding to this phase is (3.35 £+ 0.61) x 10712 o

cm 2 s~1 which is about 3.2% of the Crab Nebula flux.

e Phasebin ¢ = 0.4 —0.5: A total of ~ 9.1 h of quality-selected live time data was avail-
able for this phase bin. An excess of 46 events from the source above the background
was obtained (excess map shown on top right of Figure 3.15) which corresponds to
3.80 significance level. The low significance is due to the limited exposure resulting
in low photon statistics. Since a minimum of 5¢ significance is required to claim
detection, only upper limit on the flux are available for this phase bin. The flux
corresponding to this phase is < (4.59) x 10712 y cm~2 s~ L. The significance skymap
is shown along with the significance distributions on the left panel of Figure 3.15
on the top and bottom, respectively. On the bottom right of the figure, we see the

cumulative significance.

e Phase bin ¢ = 0.5 —0.6: A total of ~ 26.8 h of quality-selected live time data was
available for this phase bin. An excess of 330 events from the source above the back-
ground was obtained (excess map shown on top right of Figure 3.16) which corre-
sponds to detection at the 15.5¢ significance level. The significance skymap is shown
along with the significance distributions on the left panel of Figure 3.16 on the top
and bottom, respectively. On the bottom right of the figure, we see the cumulative
significance. The integral flux corresponding to this phase is (6.57 & 0.54) x 10712
cm~2 571, which is about 6.2% of the Crab Nebula flux.

e Phase bin ¢ = 0.6 — 0.7: A total of ~ 46.1 h of quality-selected live time data was
available for this phase bin. An excess of 598 events from the source above the
background was obtained (excess map shown on top right of Figure 3.17) which

corresponds to detection at the 20.8¢ significance level (pretrial). The significance
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skymap is shown along with the significance distributions on the left panel of Fig-
ure 3.17 on the top and bottom, respectively. On the bottom right of the figure,
we see the cumulative significance. The integral flux corresponding to this phase
is (7.40 +-0.44) x 10712 v ecm~2 s, which is about 7% of the Crab Nebula flux. This

phase range corresponds to period of highest TeV outbursts.

Phase bin ¢ = 0.7 — 0.8: A total of ~ 29.3 h of quality-selected live time data was
available for this phase bin. An excess of 196 events from the source above the
background was obtained (excess map shown on top right of Figure 3.18) which cor-
responds to detection at the qqo significance level (pretrial). The significance skymap
is shown along with the significance distributions on the left panel of Figure 3.18 on
the top and bottom, respectively. On the bottom right of the figure, we see the cu-
mulative significance. The flux corresponding to this phase is (3.69 £0.46) x 10712 ¢

2

cm~2 571, which is about 3.5% of the Crab Nebula flux. This phase range corresponds

to the apastron passage.

Phase bin ¢ = 0.8 — 0.9: A total of ~ 15.2 h of quality-selected live time data was
available for this phase bin. An excess of 94 events from the source above the back-
ground was obtained (excess map shown on top right of Figure 3.19) which corre-
sponds to detection at the 6.1¢ significance level (pretrial). The significance skymap
is shown along with the significance distributions on the left panel of Figure 3.19 on
the top and bottom, respectively. On the bottom right of the figure, we see the cu-
mulative significance.The flux corresponding to this phase is (3.53 4 0.62) x 10712
cm~2 57!, which is about 3.3% of the Crab Nebula flux.

Phase bin ¢ = 0.9 —1.0/0.0: A total of ~ 9 h of quality-selected live time data
was available for this phase bin. An excess of 58 events from the source above the
background was obtained (excess map shown on top right of Figure 3.20) which
corresponds to a 5.0¢ significance level (pretrial). The significance skymap is shown
along with the significance distributions on the left panel of Figure 3.20 on the top
and bottom, respectively. On the bottom right of the figure, we see the cumulative
significance. The flux corresponding to this phase is (3.81 £0.85) x 10712y cm 2571,
which is about 3.6% of the Crab Nebula flux.
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3.4.4 Orbital Spectral Evolution of LS I +61° 303

The spectrum of LS I +61° 303 around the apastron passage has been stable over the
duration of this study. The spectral index for a power law fit to the TeV data has been
in the range —2.5 ~ —2.6. Integrating 10 years of data into 10 phase bins, we can take a
closer look at the progression of the spectrum around other phases in the orbit. Initially, we
consider two separate sections of the orbit, first covering the apastron passage where the
TeV outbursts are generally seen in the phase range ¢ = 0.5 — 0.8, second covering the rest
of the orbit of CO around the optical star in the phase range (0.8 < ¢ & ¢ < 0.5), including
the periastron passage. A summary of the spectral fit information in the different parts of

the orbit of LS I +61° 303 is shown in Table 3.4.

e Apastron Passage (¢ = 0.5 — 0.8): Half of VERITAS observations are focussed during
these three phases bins, with a total of ~ 102 h of quality-selected livetime data
acquired during three epochs of the instrument’s operation. The SED is shown in

Figure 3.21.

An excess of 1123 events over the background is seen from the source corresponding
to a detection at 27¢ significance level. A skymap of all recorded apastron passage
is shown on the left panel of Figure 3.21 with an inset of the pertaining section of
the orbit. The power law fit to this data is shown on the right panel of Figure 3.21
along with the parameters of the fit. The spectral index is I' = —2.63 £ 0.064,; with
a reduced x> = 1.1. It is to be noted that we see a number of events in the highest
energy bin (center of the bin at 16.788) and no break in the spectrum is seen. The
VHE photons at energies above 10 TeV are indicative of the presence of relativistic
electron with energies above 10 TeV. The spectral index is consistent with previously

reported numbers from this LS I +-61° 303 (98, 99, 141, 142, 142)

o Rest of the Orbit (¢ > 0.8 & ¢ < 0.5): VERITAS has extensively observed the rest
of the orbital phase for 100.8 h. The SED is shown in Figure 3.22. At the source
location an excess on 570 events were recorded corresponding to a detection at 13.9¢

significance level.

The difference in flux level from this much longer orbital coverage of the periastron
passage compared to the shorter apastron passage is clearly seen with similar h

of data. The shape of the spectral energy distribution for this part of the orbit is
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shown in the right panel of Figure 3.22 along with the power-law fit parameters.
The spectral index for the fit is I' = —2.81 £ 0.164,; showing good evidence for a
much softer spectrum compared to the apastron passage. The phase range covers
both periods when the CO is behind the equatorial disc of the optical star and in its
front, i.e., inferior conjunction and superior conjunction passage, respectively. This
is the softest spectrum seen for LS I +61° 303 . A point to be noted is that there are
systematics involved due to three different epochs of the array and we have only few
differential flux points on the SED resulting in a reduced x> = 0.3. No spectral break
is seen up to 3 TeV, above which this energy only upper limits can be computed due
to limited statistics. The possibility of a spectral break above 3 TeV cannot be ruled
out. A similar spectral break above 6 TeV is seen in the spectrum of LS 5039 during
the binary’s INFC (37).

The data from the section of the orbit containing periastron passage are further di-
vided to take a closer look at the spectrum. The first part is before periastron occurs
containing superior conjunction point, i.e., in the phase range (¢ > 0.8 & ¢ < 0.2)
which will be referred to as ‘just before.” The second part is in the phase range
(¢ > 0.2&¢ < 0.5) containing both the periastron point (at ¢ = 0.223) and the inferior

conjunction which will be referred to as ‘just after.”

Just before periastron (¢ > 0.8 & ¢ < 0.2): During this part of the orbit LST 4-61° 303
is detected at 10.9¢ significance level from 323 excess events. The spectrum is fit with
a power law shown on the left panel of Figure 3.23 along with the fit parameters and

an inset of the relevant part of the orbit.

The fit shows evidence for a softer spectrum than that seen at apastron (I' = —2.86 +
0.21). The fit has a decent quality with a reduced x? = 1.2. The slightly larger error
on the spectral index is due to lower statistics and systematics arising from the three
different epochs. The softer spectrum could be attributed to higher absorption due
to the CO being behind the dense equatorial disc of the optical star and may not be

an intrinsic property of the system.

Just after periastron (¢ > 0.2&¢ < 0.5): The second part of the periastron passage

orbit has similar exposure of ~ 48.8 h as the first part described above. An excess
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of 247 events is doung at the source location of LS I +61° 303 compared to the
background corresponding to a detection at 8.8¢ significance level. The power law
fit to the spectrum for just after section of the orbit is show on the right panel of

Figure 3.24 along with an inset marking the pertaining section of the orbit.

The spectral index obtained from the fit is I' = —2.61 & 0.22,4,; consistant with the
observed spectrum during apastron. The larger limits of the spectral index is again
attributed to low statistics as well as systematics arising from three different epochs.
Since the CO is the the foreground of the optical star and its disc, we see similar
spectral indices as apastron passage when the CO is furthest from the influence of
the optical star. This hints towards a constant interaction between the CO and its
companion as the origin of the detected constant TeV emission seen around the entire

orbit.

3.5 Discussion

The decadal study of all VERITAS data on LSI +61° 303 yields a set of observations that
can constrain the nature of the CO in LST+61° 303 . The xQ model (Section 3.2.1) and NS
model (Section 3.2.2) match certain observations but neither models can comprehensively
explain all observations. The nature of the compact object is likely more complicated than
presented in these simple models. A third model for LS I +61° 303 , with a neutron star
transitioning between its ejector and propeller regimes, is presented here in context of
these new results seen from the VERITAS decadal study.

A neutron star can be classified into categories based on the interaction between its
electromagnetic fields and the surrounding plasma as the compact star evolves through its
lifetime. The structure of a neutron star and its surrounding magnetic fields are shown in
Figure 3.25. A table of the the different classes are summarized in Table 3.5 followed by

short descriptions of the relevant classes.,

e Ejector (E): In the ejector phase, the pressure of the electromagnetic radiation and
expelled relativistic particles is high enough to sweep away the surrounding matter
beyond the capture radius, i.e., radius of the light cylinder. In the ejector regime, the
neutron star is spun down, its rotation frequency is decreased and the power of the

relativistic wind is reduced as a result.
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e Propeller (P): In the propeller phase the outward pressure of electromagnetic radi-
ation and expelled relativistic particles is more balanced with the inward pressure
from the surrounding medium. The rapidly rotating strong magnetic field of the
neutron star hinders the accretion of matter onto its surface. Until the necessary
condition of Keplerian velocity > velocity of Alfvén surface * is reached, accretion
cannot take place. The magnetic field throws back the plasma beyond the capture
radius, matter may not be completely shed away like the ejector phase and accu-
mulates in the vicinity of the NS but stationary accretion is also not possible. The
time-dependent stresses associated with the rotating magnetic field of the spinning
neutron star deposit energy and angular momentum into the surrounding plasma.
This loss of energy results in spinning down the neutron star and drives plasma
outflows. The propeller phase is one of the least observed states in the evolution of

neutron stars.

e Accretor(A), Georotator(G), and Magnetor(M): When the co-rotating radius R, is
smaller than the stopping radius R, matter accretes onto the NS, a stage known as
the Accretor. This is the most well-studied phase of a NS. A Georotator is a slowly
rotating NS in which the Alfvén radius is larger than capture radius R hindering
matter falling onto the surface of the star. Magetors are NS in tight binary systems
where the Alfvén radius R4 > 4, the semi-major axis of the system. The optical star

then lies within the Alfvén surface of the magnetic star.

The flip-flop model for LS I +61° 303 assumes the neutron star transitions between
its Ejector and Propeller phases along its orbit (143). At periastron the neutron star is
surrounded by dense material of the decretion disc of the Be star. The neutron star is
in the propeller regime when its radiation pressure tries to push out the surrounding
matter. As the neutron star travels further away from the optical star along its elliptical
orbit, the density of matter decreases and the outward radiation pressure overcomes the
inward pressure from enveloping matter. The neutron star transitions to the ejector regime,

expelling the enveloping matter gathered during propeller phase. The ejector phase con-

*Alfvén surface is the surface of the region surrounding a neutron star from which ionized gas is pulled
around by the star’s magnetic spinning field
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tinues until all the matter is exhausted and somewhere following apastron the changeover
to propeller ensues. A diagram of the flip-flop model is shown in Figure 3.26.

The flip-flop model seems like a plausible explanation for the base TeV emission seen
continuously around the orbit for LST4-61° 303 . At ~ ¢, the NS transitions to the ejector
phase following which TeV outbursts are seen until it returns to its quiescent TeV flux at
~ ¢og. Past apastron point at ~ ¢gs, the enveloping matter has been exhausted and the
NS switches back to its propeller regime as it gradually advances towards region of dense
stellar material. In the propeller state, the neutron stars’s magnetosphere grows beyond
the co-rotation radius. The centrifugal force prevents the surrounding co-rotating matter
from reaching the magnetic poles. In contrast, the strong magnetic fields of X-ray pulsars
in the accretor phase disrupts the accretion flow and funnels matter onto the magnetic
poles (144). The ram pressure of the flow exerted on the magnetosphere is balanced by the
magnetic pressure. The accretion rate is so high that the intense ram pressure shrinks the
Alfven radius (magnetosphere of NS) making it smaller than the co-rotation radius. This
results in accretion of matter onto the magnetic poles creating X-ray hotspots. The emission
from the X-ray hotspots is beamed and produces regular pulsations when passing the line
of sight as the NS rotates (given the magnetic axis and rotational axis are misaligned)
(145). Since there is no in-falling matter during the propeller regime no X-ray pulsation
is expected in this phase (146), this also explains the absence of X-ray pulsation from LS I
+61° 303 (147).

In the propeller regime, high mass capture rate at periastron translates to high X-ray
luminosity and is estimated to be ~ 2 x 10%* erg s~!. At ejector phase high efficiency(1 —
10% (148)) of conversion of spin-down energy would result in HE emission and expected
X-ray luminosity 2 x 103 — 2 x 10%* erg s~!. These calculated values (149) are close to
the observed value from the system. There is a hint of slightly elevated TeV flux in phase
¢0.1—02, just before periastron similar to the elevated X-ray flux also seen during this period
(149). During Ejector phase the gamma-ray emissions are thought to originate at the shock
front where the stellar winds are interacting with the relativistic wind of the pulsar. At
Propeller the plasmon accumulated near the NS could spiral around like a vortex and the
high voltages and shocks between the layers of the plasma vortex could be responsible for

the quiescent TeV emission that is observed (149).
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The plasmon mass accumulated by the propeller NS would appear after periastron pas-
sage (150). After the transition of propeller — ejector an outburst in multiple wavelengths
is expected. The radio peak of outburst is always delayed from the X-ray peak by A¢ ~ 0.2.
The delay is accounted for by the time of flight of HE particles in the plasmon close to the
binary to the radio emitting region (at a distance 10 times more than seperation distance
of the NS and optical star) (151). This behaviour is also predicted in the flip-flop model
for LS I +61° 303 (149). The X-ray outburst shift in the phase range ¢ = 0.35 — 0.75 based
on the superorbital period Ps,pof the system. Ha observations have hinted that cyclical
changes in some characteristics of the Be star is the origin of the superorbital period. Based
on 7 years of Fermi-LAT observations, the circumstellar disc of the Be star is now suggested
to be elliptical in shape and its major axis rotates at the superorbital period of 1667 days
(152). Estimated spin period of the NS from the flip-flop model is Py, = 0.15 s - 0.20
s (149, 150). This also fits well with the idea of a slow spinning highly magnetized star
responsible for the magnetar like flares that were seen from LS I 4-61° 303 (143, 153).

The spectral energy distribution at TeV energies around the orbit is quite stable with
an index I' = (—2.5) ~ (—2.6) except during superior conjunction passage, just before
periastron ¢ > 0.8 & ¢ < 0.2 when the neutron star is behind a dense equatorial decretion
disc of the optical star. The softer spectrum extends upto 3 TeV beyond which there could
be a spectral cutoff. Similar effect is seen in LS 5039 which shows a spectral cutoff at 6 TeV
during its INFC passage. Attenuation at VHE energies are common due to absorption and
pair production mechanisms which results into a softer spectrum (similar to spectrums of

blazars).



Table 3.1: VERITAS dataset of LS1 4+61° 303 observations.

Observing | Instrument | Quality Selected Detection
Season Epoch Livetime [mins] | Significance (¢)
2007 / 2008 V4 1518 6.2
2008 / 2009 V4 2305 3.8
2009 / 2010 V5 1207 0.7
2010 / 2011 V5 933 4.6
2011 / 2012 V5 1551 14.0
2012 / 2013 A\ 490 6.5
2013 / 2014 V6 522 5.6
2014 / 2015 V6 1746 214
2015 / 2016 Vo6 1137 16.0
2016 / 2017 V6 703 12.4
All V4, V5, V6 12112 29.2

Table 3.2: Comparison of the 4 flares from LS I +61° 303 .
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Observing | o No I Integral Flux Highest Flux
Season x1072ecm~2s71 | x10712 cm
2011-2012 | 13.6 | 1.46 £0.14 | —2.48 £0.10 5.87 £0.52 18.79 £2.90
2014-2015 | 21.4 | 200£0.13 | —2.56 £0.08 8.27 £0.50 37.79 £4.04
2015-2016 | 154 | 1.77+£0.15 | —2.50£0.11 7.721+0.58 22.63£3.10
2016-2017 | 11.8 | 1.714+£0.19 | —2.81 £0.18 6.45+0.70 16.87 +2.86




Table 3.3: LST +61° 303 phase binned results.
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Phase bin (¢) Pre-trial Flux [x1072 cm™2 s71] | % of Crab Exposure [min]
Significance (0)
0.0 — 0.1 5.6 290 £0.61 2.8 992
0.1—0.2 54 4.03 +£0.80 3.8 663
02— 0.3 51 2.77 £ 0.60 2.6 1186
03— 04 6.1 3.35£0.61 3.2 1178
04— 0.5 3.8 < 4.59 <43 547
05— 0.6 15.9 6.57 £0.54 6.2 1289
0.6 — 0.7 18.8 7.40 +0.44 7 2517
0.7 — 0.8 8.0 3.69 +0.46 3.5 1630
0.8 — 09 52 3.53 +0.62 3.3 731
09— 0.0 5.0 3.81 +£0.85 3.6 543
Table 3.4: LS I +61° 303 apastron versus periastron.
Phase bin | Significance Flux % of Crab | Spectral Index | Exposure
(¢) (0) [x10712 cm ™2 s71] [min]
0.5—0.8 27.0 6.10 £0.27 5.8 —2.63 +0.06 6143
0.8 =+ 0.5 13.9 3.27 £0.25 3.1 —2.81+0.16 6048
Just Before 10.9 3.57 £0.35 3.4 —2.86 £0.21 3120
0.8 — 0.2
Just After 8.8 2.96 +0.37 2.8 —2.624+0.22 2928
02— 05




Table 3.5: Classification of neutron stars.
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Notation Name Relation between characteristic Accretion
distance s rate
E Ejector Rst > max[Rg] M. < M,,
P Propeller R. < Rgt < max[Rg] M. < M,,
A Accretor Rst < min[R¢, Rg] M. < M,,
G Georotator Rc < Ryt < R, M. < M,,
M Magnetor Ry >a,R. >a M. < M,,
R¢ Gravitational capture radius of NS, radius of a cylindrical region
where plasma kinetic energy is less then gravitational potential
Rt Stopping radius is the distance where electromagnetic field of NS balances
gravitational field of accreting plasma
R, Co-rotation radius is the distance at which NS rotation velocity matches the
Keplerian velocity surrounding plasma, making it rotate like a solid mass
M. Accretion rate
M., Critical accretion rate (%Rst)
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Y

V to observer \/

Figure 3.1: Orbital geometry of LST+61° 303 without considering inclination. Locations of
periastron(P), apastron(A), superior conjunction(SUPC), and inferior conjunction(INFC) in
the orbit(solid black line) are marked. The giant massive star (MS, orange) and it equatorial
disc (yellow) are also shown. Figure reproduced from (154).
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Figure 3.2: MERLIN self-calibrated image of LS I +61° 303 on 2 different days at 5GHz
showing S-shaped morphology, similar to precessing jets of S5433 inset in figure. Absence
of the asymmetric extension was considered evidence for precessing jet. Figures repro-

duced from (107).
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Figure 3.3: Top: Consecutive radio outburst from LS +61° 303 , Center: Lightcurve folded
using periodicity P,;,, Bottom: Lightcurve folded using periodicity P, figure reproduced

from (106).
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Observer

A AR 3P=0

conjunction

Figure 3.4: Schematic diagram of interaction between the pulsar wind and clumpy stellar
wind from Be star. Radius of Be star (in yellow) corresponds to smallest tick on the
coordinate axes. Red dots are A¢p = 0.05 phase intervals, uncertainty in observer angle
is £9°. Figure reproduced from (120).
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Figure 3.5: VLBA image of LS I +61° 303 at 8.3GHz sampling entire orbit. The cometary
tail-like structure pointing away from the central giant star reproduced as strong evidence
for binary pulsar model. Blue squares are location of compact object one day apart,
magenta star is location of Be star. The orbit is exaggerated to fit all images, figure
reproduced from (122).
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Figure 3.6: Model spectra of LS I +61° 303 overlaid with observed data. Solid line rep-
resents sum of individual spectral components in dashed, dot-dashed and dotted curves.
Top: Model where X-ray dominated by IC processes Bottorm:Model where X-ray dominated
by synchrotron process. Figure reproduced from (120).
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Figure 3.7: TeV lightcurve of LS I +61° 303 September 2007 - December 2016.
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Figure 3.8: Phase binned fluxes from LS I 4+-61° 303 during the 4 flaring season, 2011,/2012
in black, 2014 /2015 in red, 2015/2016 in green, and 2016/2017 in blue.



6 © F -2.48 (2011)
+ + I'=-2.56(2014)
¢ ¢ I'=-2.50(2015)
¥ § =-2.81(2016) [}

-2 L

dNdE cm-25-27¢1 !

|
N\

10 o
Energy [TeV]
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Figure 3.10: Phase binned flux of LS I +61° 303 for decadal data.
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Figure 3.12: Results for phase ¢ = 0.1 — 0.2 (a)Significance skymap (b)Excess map
(c)Significance distribution (d) Cumulative significance.
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Figure 3.13: Results for phase ¢ = 0.2 — 0.3 (a)Significance skymap (b)Excess map
(c)Significance distribution (d) Cumulative significance.
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Figure 3.14: Results for phase ¢ = 0.3 — 0.4 (a)Significance skymap (b)Excess map
(c)Significance distribution (d) Cumulative significance.
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Figure 3.15: Results for phase ¢ = 04 — 0.5 (a)Significance skymap (b)Excess map

(c)Significance distribution (d) Cumulative significance.
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Figure 3.16: Results for phase ¢ = 0.5 — 0.6 (a)Significance skymap (b)Excess map
(c)Significance distribution (d) Cumulative significance.
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Figure 3.17: Results for phase ¢ = 0.6 — 0.7 (a)Significance skymap (b)Excess map
(c)Significance distribution (d) Cumulative significance.
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Figure 3.19: Results for phase ¢ = 0.8 — 0.9 (a)Significance skymap (b)Excess map
(c)Significance distribution (d) Cumulative significance.
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marked on the figure on the right from (92).
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Figure 3.25: Diagram of emission zones of a pulsar. The last closed magnetic field line
defines the boundary of the light cylinder of radius R;c. Surface of the sphere centered at
the pulsar with radius R;c is known as the Alfvén surface. Figure modified from (46).
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Figure 3.26: The Ejector-Propeller flip-flip model for LS I +61° 303 , dashed ellipse
represent the orbit of the neutron star and shaded ellipse is the equatorial disc of the Be
star. Figure adapted from (149).



CHAPTER 4

LS T +61°303: A MULTIWAVELENGTH
CORRELATION STUDY

Emission from LS I +61° 303 extends from low radio frequencies of 150 MHz (155)
to more than 13 TeV at gamma rays (139). Only a handful of galactic sources the emit
over the entire electromagnetic spectrum. The cosmic interplay of a fast rotating Be star
and its companion compact object (CO) drives the thermal and nonthermal emission from
this binary system. The 26.5 day orbit of the CO around the massive star modulates
emission at radio (93), infrared (156), optical (157, 158), X-ray (159), HE gamma-ray (160),
and VHE gamma-ray (98, 99) wavelengths. A second important period associated with
this system is 1667 days, known as the super-orbital period and its modulation effects
are also seen at radio(155), X-ray(151, 161), HE gamma-ray (162), and VHE gamma-ray
(163) wavelengths. A brief overview of important characteristics of LS I +61° 303 brought
to light by observations in different wavebands are presented in the following section
followed by observations, results and their implications from multiwavelength campaign
performed by VERITAS and its partners Fermi Gamma-Ray Space Telescope and Swift
X-ray Telescope.

4.1 Multiwavelength Picture of LS I +61° 303
The variable nature of LS I +61° 303 was discovered in 1978 by the NRAO 91m transit
telescope (164) and was suggested as a counterpart of CG135+1, one of the ten uniden-
tified the gamma-ray sources discovered in the previous year by the Cos B satellite (165).
Although no optical variability was initially found, it gradually became clear that this high
mass X-ray binary has a highly periodic nature and its variability ranges on the timescales
of a few hours to a few years. In the following subsections, we look at some of the major

conclusions backed by observational data in multiwavelength.
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4.1.1 Radio Observations

Decades of radio observations of LSI +61° 303 have helped narrow down the geometry
of the system and other parameters associated with it. The orbital and superorbital phase
¢ = 0 was set at Tp = MJD43366.775 for historical reasons when the source was first
detected at radio wavelengths (95). A mass constraint for the optical giant star is 10 - 15
Mg with the inclination 25° < i < 60° for a neutron star and i < 25° for a blackhole (92).
Spectral line radio observation places LSI +61° 303 at a distance of 2.0 & 0.2kpc with a total
line-of-sight neutral hydrogen column density of about 10?% cm~2(166). The orbital period
was also precisely defined from radio observation P,,,= (26.4960 + 0.0028) days by (95) and
so was the superorbital period Ps;,,= (1667 + 8) days. A third period Py,,= 26.92 4 0.07 was
associated with the binary system which was claimed to be the precessional period of the
1Q jets (109). Using these three periods obtained P,,, Py and Ps,pfrom various radio
observations, an intriguing theory of astronomical beats was presented which assert that
the system harbors a uQ with dual precessing jets. See Section 3.2.1 for theories supporting
the #Q model for this sources from radio observations. Ten images from observations
made at 3-day intervals covering the 26.5-day orbit of the binary with VLBA revealed an
elongated ’tail’-like structure pointing away from the optical star. The rapid morphology
change at periastron of radio emission resolved at AU scales slows down at apstron was
interpreted as the wind of the pulsar supporting the neutron star model. Details of the
above model and other theories supporting the NS model are discussed in Section 3.2.2.
Despite extensive searches, no pulsations have been found at radio wavelengths from LS I
+61° 303 (115).

Using 36.8 years of radio data shown in top panel of Figure 4.1, two new periods were
found, Piyerage = 26.704 &= 0.004 days was seen to fit the periodic radio outburst data
modulated by Py, = 1628 + 49 days where Payerage is the average of the P,,;, and Py.
Piong and Pyyerage were the beat frequencies of Py, and Pyre. A synchrotron emission model
for uQ with precessing jets was able to reproduce the multiple periodicities observed over
36.8 years of observations. In the bottom panel of Figure 4.1, the model data points in red
are fitted to entire radio data shown in the top panel. For more details on the astronomical

beat phenomenon for LS 4-61° 303, refer to Section 3.2.1 and (106).
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4.1.2 Optical and Hx Observations

The optical star in LS I +61° 303 also exhibits light variation which follows the radio
light curve (167). The amplitude of the optical light curve was 0.1 magnitude with errors
bars a decade smaller indicative of definite variation. The maximum of optical light was
found to occur as phase ¢ = 0.6 decaying to half the maximum intensity in 2 days. The
correlation between radio and optical variability was tied to the accretion model suggested
in (168)

The 26.5 day orbital period (P,,;,) was detected in the Ha emission as was the su-
perorbital period of ~ 4.5years (Ps;p) (169) pointing to a relation with the evolution of
circumstellar disc. The correlation between Ha peak seperation AV and equivalent width

(EW) is given by

EW(Ha)

A

+b (4.1)

AV
log [20 sini] = —alog

where the constants a ~ 0.4 and b ~ —0.1 for EW(Ha )> 3A and v sini corresponds to
projected rotational velocity. Dense envelopes could require b = +0.2. Assuming v sini =
360 km st for LS I +61° 303 , a plot of log(AV /2v sini) against EW(Ha) is shown in
Figure 4.2.

Best fit to the data is depicted as solid black line corresponding the a = 0.38 and b =
0.07 and the average behaviour of Be stars and their upper limits in dashed lines. The plot
clearly shows the circumstellar disc of LS I +61° 303 is much denser than average Be stars
(almost double). The disc is probably also smaller in size than isolated Be stars, as it would
be tidally truncated by the wind of the neutron star in tight orbit.

According to the authors in (169) the Py~ 4.5 years is an intrinsic characteristic of the
optical star related to its mass loss rate which, in turn, affects the mass accretion rate onto
the neutron star. The changing accretion rate onto the magnetosphere of the neutron star
alters the position of the shockfront and alters. The ejector-propeller model explains the
shift in radio peak based on the changing accretion rate. When the mass loss rate is lower
the ejector scenario occurs earlier, consequently, this intiates an earlier radio outburst than

when the mass loss rate is higher.
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4.1.3 X-ray Observations

The X-ray counterpart of LS I +61° 303 was first identified by Einstein Observatory in
1981 (170). No variability was observed but its low X-ray luminosity compared to high
gamma-ray luminosity did not go unnoticed. The possibility of an extra power source -
a young pulsar associated with the giant star was theorized. The variable nature was of
the source was discovered by ROSAT followed by ASM/RXTE (159, 171). The skymap
of LST +61° 303 is seen on the left panel of Figure 4.3 with a quasar in the field of view.
The X-ray flux from LS I +61° 303 peaks in the phases range ¢ = 0.35 — 0.75 along the
superorbital period, routinely leading the peak radio flux by A¢ = 0.2. The right panel of
Figure 4.3 shows the light curve from Swift / BAT at hard X-ray wavelengths (15-150keV).
INTEGRAL (18-60keV) and Swift/BAT(15-150keV) both found superorbital variability in
the hard X-ray energy band and a power-law spectrum with no high-energy cutoff (172,
173).

Temporal analysis using the Lomb-Scargle periodogram technique revealed a third
period of 26.93 days in the X-ray data that was previously seen in radio data. This period
was interpreted as the jet precession period (Ppy.) of the LS I +61° 303 microquasar (111).
Fast flux variations are seen at X-ray wavelengths from Chandra data where the count rate
varies by ~ 25% within a timescale of few hours (174).

Perhaps one of the most interesting X-ray events seen from LS I +61° 303 was a magnetar-
like short burst lasting only 0.2 - 0.3 s that was detected by Swift-BAT (128, 129). The
X-ray image using 165 ks data from Swift-XRT overlaid with error circle of the event
from Swift/BAT is shown in Figure 4.4. Although a magnetar in binary association with
a Be star is unprecedented, it is not an impossibility, and a flip-flop accretor - propeller
model outlined in (143) might be a feasible model for the observed behavior. According
to this model, the CO object flip-flops between an rotationally powered accretion regime
during apastron passage to a propeller decretion regime during periastron passage. The
possibility of a soft gamma repeater or a faraway line-of-sight magnetar could also be the
origin of the event recorded by Swift/BAT, but the probability of these two rare galactic
source types (TeV binary and a magnetar within 1.4”) is extremely low. The probability of
occurrence these two types of galactic sources within a few arcseconds of each other cannot

be accurately calculated without further assumptions like the population distribution of
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the sources and a total number of sources. Even with these assumptions, it would still
be impossible to rule out a single chance probability of occurrence. So far no other X-ray

sources have been found within the error circle.

4.1.4 GeV Observations

Observations of LS I +61° 303 from Fermi Gamma Ray Space Telescope within a few
months from its 2008 launch, cleared up questions raised by observations by Cos B, EGRET
and other previous observatories. Unambiguous modulated emission was seen by Fermi-
LAT at GeV energies due to its orbital period P,;, = 26.49 days and 2CG 135+01 was
clearly identified as the gamma-ray counterpart of LS I 4-61° 303 . The peak of the phase
folded light-curve observed by Fermi-LAT was at phase ¢ = 0.3 (97). The spectrum fits
a power-law with an exponential cut-off at ~ 6GeV. The orbit-to-orbit flux variability
observed by Fermi-LAT around ¢ = 0.3 was consistent with the interaction of the dynamic
Be star wind with the CO. The modulation based on the superorbital period Psyp= 1667
days previously observed at radio and X-ray wavelengths was also established at GeV
energies using Fermi-LAT data. A sinusoidal fit to the GeV flux variation in phases during
apastron passage is extremely likely with a chance probability mostly less than 10~7. The
left panels of Figure 4.5, depicting the periastron passage phases (¢ = 0.0 — 0.5), do not
demonstrate the superorbital modulation. The circumstellar disc of the Be star undergoes
a quasi-cyclical expansion and shrinkage and the observed superorbital modulation was
tied to this phenomenon. Both X-ray and GeV gamma-ray emission were enhanced around
superorbital phase ¢s,, = 0.2 (see Figure 4.5), where maximum values of the Hx EW point
towards the role of the Be star’s disc. Inconsistent variability of the power spectrum found
in the data also hinted at a quasi-cyclical evolution of equatorial decretion disk of the Be
star (162).

Inverse Compton radiative processes are mostly likely driving the HE emission from
LS I 461° 303 where stellar photons are upscattered to GeV energies by accelerated elec-
trons originating near the compact object. Maximum flux should be expected where the
density of seed photons are at a maximum (i.e., closest to the star at periastron) as seen
in Fermi-LAT data. The cutoff that is seen at GeV energies could be due to a number of

reasons such as radiative losses, changing energy profile of the accelerated electrons, pair
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production on interaction with stellar photons, hadronic interactions of the photons during
passage through the stellar disc, absorption, etc. Any of the above reasons could also help
explain the phase mismatch seen in peak flux between HE and VHE wavebands where
maximum flux occurs near apastron passage for the later. For details of observations and

results in the GeV energy range described above see (97, 162) and references therein.

4.1.5 TeV Observations

LS T +61° 303 was first discovered in the VHE energy range in 2006 by the MAGIC
Collaboration and later confirmed by VERITAS (98, 99). The source exhibits its highest
VHE flux states just before apastron (¢ = 0.775) in the phase range ¢ = 0.55 — 0.65.
When it was first discovered the TeV peak flux was ~ 15% of the Crab Nebula. In the
following years in October 2008 - January 2010, the source was barely detected by MAGIC
above 300GeV threshold at a 5.4% Crab Nebula flux level (142). During this same pe-
riod the entire integrated VERITAS data set yielded a 3.3¢ significance level for constant
emission around the orbit, but surprisingly the source was detected at 5.6¢ significance in
the sections of data where the CO was approaching periastron near it inferior conjunction
passage (136). This was contradictory to the binary’s expected behavior of maximum flux
near apastron. Nightly variability was seen be VERITAS during TeV outbursts in both
2011 and 2014 (137, 139) with posttrials significances ~ 4c¢ at a 99% confidence level.
Although fast X-ray variability on ~second timescales (X-ray flux doubling in 2 s) have
been seen (175), such fast timescales are hard for current IACTs to detect photostatistics.
These fast variabilities could be important observational tools to provide constraints on the
size of X-ray/TeV emission zones (referred to as ‘clumps’ in the wind) for the neutron star
model (see Section 3.2.2). The orbit-to-orbit variability measured by other wavelengths
that are associated with the superorbital modulation was finally confirmed from MAGIC
and VERITAS data (163). The sinusoidal fit to MAGIC and VERITAS data demonstrating
the superorbital variability of TeV flux is shown in Figure 4.6.

The dynamic, complex variability of LS I +61° 303 makes it an ideal candidate for
multiwavelength study by VERITAS. For the first time, our analysis has detected a correla-
tion between X-ray and TeV emission over multiple orbits spanning several observational

seasons. A detailed study of these observations is presented in the rest of this chapter.
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4.2 VERITAS Observations and Data Analysis

The VERITAS observations used for this multiwavelength correlation study are a sub-
set of the data set used in the previous chapter in Section 3.3. VERITAS made 19 simul-
taneous / contemporaneous observations with Swift during the 2014 - 2016 period. The
results of the data analysis from dates corresponding to simultaneous / contemporaneous
observations from Swift XRT are listed in Table 4.1. In this table, negative significance
and negative flux arise from greater number off-counts in the background region than
on-counts in the source region. The data is unevenly sampled mostly in the orbital phase

range ¢ = 0.4 — 0.9 from 7 different orbits of the binary.

4.3 Swift-XRT Observations and Data Analysis

The XRT is the focussing X-ray telescope for the Swift Gamma Ray Burst Observatory.
Refer to Section 2.1.1 for details of the instrument and technical description. Swift has
a flexible Target of Opportunity program which supports multiwavelength observations.
VERITAS coordinated its observations with Swift XRT and obtained 19 simultaneous /
contemporaneous data pairs which are used for the multiwavelength correlation study.
The Swift XRT data are analyzed using the webtools available from the UK Swift Science
Data Center *. X-ray light curves and spectra are constructed based on HEAsoft v6.16
package T available from NASA’s HEASARC (High Energy Astrophysics Science Archive
Research Center). The source spectrum for the complete data set is best fit by a simple
power-law model with photoelectric absorption, shown in Figure 4.7. The soft X-ray
spectral index is found to be 1.58 .98 with x?/n.d.f. = 0.953 and neutral hydrogen density
ny = (8540.8) x 102! cm~2 . Analysis results of individual observations for dates
corresponding to VERITAS observations are listed in Table 4.2. Photon index is found
to vary between 1.31f8:§§ and 2.1f8:g with reduced—)(2 varying in the range 0.657 to 1.004

for individual observations.

*http:/ /www.swift.ac.uk/user_objects/

Thttps:/ /heasarc.nasa.gov /Iheasoft/
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4.4 Fermi Observations and Data Analysis

The Large Area Telescope (LAT), the primary instrument on the Fermi Gamma-Ray
Space Telescope has a large field of view (> 2 sr, one fifth of the sky). Fermi-LAT contin-
uously observes the sky, except during instrument calibrations. This makes Fermi-LAT an
ideal instrument to track variable sources like LS 4-61° 303, as it acquires continuous data
spanning its entire mission operation (beginning in 2008). For this correlation study, three
intervals of Fermi-LAT data (10.16.2014 - 01.10.2015, 12.01.2015 - 01.14.2016 and 10.01.2016
- 11.23.2016), have been used. Each interval covers a corresponding VERITAS observing
season. The corresponding MJD format for these intervals are 56946-57032, 57357-57401,
and 57662-57715, respectively. The data are publicly available from Fermi Science Support
Center website ¥ and analyzed using Fermi Science Tools v10rOp5. We used spacecraft file
(pointing and livetime history) and events data file in Pass 8 data format corresponding
to instrument response function "P8R2_SOURCE_V6’. We selected these files for the above
interval for a ROI 20° centered around coordinated of LS I +61° 303 , RA: 40.1319 Dec:
61.2293.

gtselect source class photons (option evclass=128) from both front and back of the space-
craft were selected (option evtype=3) within a radius of 10° from the position of LS I
+61° 303 . Next, we used gtmktime to select Good Time Interval (GTI) data (time ranges
when the data can be considered valid based on spacecraft parameters of pointing, live-
time, etc.) contained in the spacecraft file. Time intervals when the ROI was observed at
a zenith angle greater that 90° were excluded to eliminate contamination arising from the
Earth’s limb. The gtlike tool was used to perform maximum unbinned likelihood analysis
for all the 3FGL catalog sources (gll psc v16.fit) that are within 20° of the ROI, the galactic
diffuse emission (gll_iem_v06) and the isotropic diffuse emission (iso-.P8R2_SOURCE_V6_v06).
Parameters of all nonvariable sources 5° away from LS I +61° 303 were fixed to their 3FGL
catalog values. For sources located within 5° of the ROI, the normalization parameter was
left free and using a log-parabola spectral model (as prescribed in 3FGL catalog), the light
curve of LS I +61° 303 with 1 day binning was constructed. The value of fluxes on the

days corresponding to VERITAS observations along with their Test Statistic (TS) are listed

Fhttps:/ /fermi.gsfc.nasa.gov/ssc/data/
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in Table 4.3.
Spectral analysis was performed on the data for the first interval 10.16.2014 - 01.10.2015,
(MJD 56946-57032) using the likeSED (a user contributed tool) from FSCC $. The spectral

form of LS I +61° 303 was modeled by a power-law with exponential cutoff of the form

T
dN E E
dE N NO (E0> exp( a Ecut) (42)

where Nj is the normalization constant, Ey is the scale factor of energy, I' is the spectral

index and E.y is the cut-off energy. The best-fit parameters obtained from an unbinned
likelihood fit are Ny = (9.543.1) x 107° ys MeV'em 2 s~ !, T = 1.97 £ 0.05 and E.;; =
4.00 £ 0.69 GeV for Eg = 1 MeV

4.5 Results of Correlation Studies

The nature of the compact object in LST +61° 303 is debatable. Neither the microquasar
model (see Section 3.2.1) nor the neutron star model (see Section 3.2.2) explain the ob-
served variabilities across different wavebands. Decades of observations had made it clear
that neither models can adequately fit all of the historical observations. In the absence
of detected pulsations or accretion-like X-ray spectrum, simultaneous multiwavelength
observations may help in establishing a comprehensive physical model for this source. The
following sections discuss results and implications of the simultaneous/contemporaneous
X-ray (using Swift XRT) and GeV (using Fermi-LAT ) observations with VERITAS observa-

tions at TeV energies.

4.5.1 X-ray versus TeV Energies
The MAGIC telescope had first seen a correlation between X-ray and TeV fluxes in 2009
(140). From 6 overlapping observations with XMM Newton and 4 overlapping observa-
tions with Swift XRT, a correlation analysis was performed, deriving a Pearson correlation
coefficient r = 0.81f8:g? from the entire data set. The correlation between TeV flux and
X-ray flux (Figure 4.8, left) is well fit with a straight line function (seen as a solid black line

on the plot) of the form,

F(0.3 — 10keV)
10712 erg cm=2 s—1

N(E > 300GeV) ] 43)

— 1224071 {
+ “ 1012 yscm—2g-1

Shttps:/ / fermi.gsfc.nasa.gov/ssc/data/analysis /user/



114

A similar correlation study done by VERITAS during the TeV outburst of 2011 with
Swift XRT data did not reproduce the results from MAGIC Collaboration. X-ray fluxes
from Swift XRT versus TeV fluxes from VERITAS (Figure 4.8, right) produced a Pearson
correlation coefficient r = 0.36 &+ 0.32, consistent with unrelated datasets (137). At this
point, it could not be ruled out whether the single-orbit MAGIC/XMM-Newton/Swift
XRT correlation was a random coincidence or a one-time event. X-ray fluxes from LS I
+61° 303 have a large intrinsic variability of ~ 25% on hourly scales and may have sig-
nificantly changed during the several hours of observations that were required by MAGIC
to achieve reliable detections of the VHE flux. Hence, large uncertainties of VHE fluxes
prevented this correlation to be firmly established.

The VERITAS measurement of the correlation between X-ray and VHE gamma-ray
emission began in 2014 observing season, which was also the year when an exceptional
flaring episode occurred in the VHE regime (176) (139). During this season, the highest
VHE flux was recorded from LS I +61° 303 was observed Fr,y (> 300 GeV) = (37.726 +
3.9769) x 10~ 2ys cm~2 571, nearly 30% of the flux from Crab Nebula with a corresponding
X-ray flux of 2.870% x 10711 erg cm 2s7!. A Pearson correlation coefficient of r =
0.80102¢ was calculated from 12 simultaneous /contemporaneous observations jointly per-
formed in 2014 by Swift XRT and VERITAS (176). During the 2015 - 2016 and 2016 - 2017
observing seasons, 4 and 3 joint VERITAS / Swift XRT observations were added to this
data set, respectively, bringing the total to 19 simultaneous/contemporaneous X-ray/TeV
observations. A plot of the entire VHE gamma-ray data set against the X-ray data set is
seen in Figure 4.9. Here the data points from 2014 are in blue, the data points for 2015 in
green, and the data points for 2016 in red. The plot also has data points from the MAGIC
correlation plot (data points from the plot on the left in Figure 4.8) in yellow. The TeV/X-
ray correlation is undoubtedly seen now over 7(8) orbits observed by VERITAS/VM (both
VERITAS and MAGIC referred to VM from now on) spanning over multiple years.

The straight line fitted to the 19 joint VERITAS /Swift XRT observations has the form

F(0.3 — 10keV')

1012 erg cm=2 s~1 (4.4)

N(E > 300GeV') ]

= 12.36 + 0.5602 x [ 10 s am 75T

The slope and intercept are 0.5951 and 13.46 x 10~ 12qs cm~2 s~ respectively considering

all VERITAS (19 data pairs) and MAGIC (10 data pairs) observations, well within errors of
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the fitted parameters derived from the first correlation seen by MAGIC during the single
orbit in 2007. The Pearson correlation for the joint VERITAS and Swift XRT data between
2014 - 2016 is r = 0.756 with a p value of 1.796 x 10~2 where p value is the probability
that a |r| larger than the calculated value would be produced from independent X-ray
and TeV fluxes. Including the 10 XMM Newton / Swift XRT and MAGIC simultaneous
observations improves the Pearson correlation coefficient to » = 0.773 with the p value of
8.916 x 10~7.

Large uncertainties of flux value call for a further robust test for the strength of the cor-
relation, which is done using the z-Transformed Discrete Correlation Function (ZDCF) (177).
ZDCF determines the 68% confidence level intervals for the correlation coefficient from
unevenly sampled data. The Fisher z-transform is calculated for the Pearson correlation

coefficient as follows:

Z = lln{l—H/
21 =7

Considering z to be normally distributed for the fluxes in TeV and X-ray independent of

each other the standard error of z can be calculated by 1/+/N — 3 where N is the number

} = arctanh(r) 4.5)

of observations. The confidence interval for z can be calculated as
z!, = z & (criterion z) x (standard deviation) (4.6)

where criterion z corresponds to the desired confidence level (e.g., 1.96 for 95% confidence
interval, 0.9945 for a 68% confidence interval). The limit z/, is converted back to the upper

and lower bounds of the correlation coefficient using:

_exp(2z) -1
7 exp(2z) + 1
Using ZDCF for 68% confidence level interval on the VERITAS TeV data and the cor-

= tanh(z/,) (4.7)

responding Swift X-ray data the uncertainties of the Pearson correlation coefficient is cal-
culated to be r = 0.756J_r8:(1)g. Extending the data set to include the MAGIC fluxes with
corresponding XMM-Newton / Swift XRT X-ray, ZDCF for 68% confidence level interval
gives r = 0.7737017. The uncertainties in the value of the correlation coefficient are sig-
nificantly reduced compared to both the previous values found in MAGIC data (140) and
VERITAS data (176).

The strong correlation seen between X-ray data (0.3-10keV) and VHE gamma rays

(> 300GeV) suggests that a common particle population may be responsible for both
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the X-ray and TeV flared emission. Since VHE fluxes are from phases near the apastron
passage (VHE flux is expected to suffer maximum absorption just before periastron (178))
where absorption is minimum coupled with unabsorbed X-ray fluxes, models suggesting
variable absorption mechanisms for this correlation can be ruled out. The leptonic model,
where synchrotron radiation from high-energy electrons produces X-ray photons which
up-scatter low energy stellar photons to TeV energies via IC processes, is preferred over
the hadronic model. The hadronic model proposes the X-ray emitting e* and TeV photons
are produced by the same proton population (for details of the argument see (140) and

references therein).

4.5.2 GeV Versus TeV Energies

The consistent all-sky monitoring capabilities of Fermi-LAT present an unprecedented
opportunity for multiwavelength observations of LS I +61° 303 at GeV gamma-ray en-
ergies. All VERITAS observations since 2014 have been used to construct a plot of TeV
fluxes against GeV fluxes shown in Figure 4.10 with 28 observations for 2014 - 2015 season
in cyan, 17 observations for 2015 - 2016 season in black, and 10 observations for 2016 -
2017 observations in red. The GeV and TeV fluxes are found to be independent of each
other. The Pearson correlation coefficient for the 55 pairs of observations from VERITAS
and Fermi-LAT was r = —0.0255 with a p-value of 0.85 (i.e., 85% probability that other in-
dependent data sets may show higher correlation than this data set). Previous correlation
studies between GeV and TeV gamma rays have yielded similar conclusion, the emission
from these two wavebands are uncorrelated (137). The origin of the TeV emission and GeV
emission can be said with reasonable certainty to be from two different physical processes,
potentially driven by independent particle populations. This hypothesis can be further
examined by studying the joint GeV-TeV spectral energy distribution, as described in the

next section.

4.6 GeV-TeV Joint Spectral Energy Distribution
The joint spectral energy distribution (SED) constructed using data from the 2014 -
2015 VERITAS observing season and the overlapping Fermi-LAT monitoring is shown in
Figure 4.11. The SED extends from 100 MeV to 10 TeV and shows two distinct features.
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Fermi-LAT data are fitted with a power law with exponential cutoff and VERITAS data fit
well with a power law. The first feature is an exponential cutoff in the energy spectrum
seen at the GeV energy range. The second is the simple power-law fit to the data in TeV
energy range where there is no apparent break seen upto 15 TeV. In the SED, the emission
seen by Fermi-LAT is disconnected from that seen by VERITAS, evident from the lack of
emission seen in the 1-200 GeV energy range. The disconnected spectrum reinforces the
possibility of seperate particle populations producing GeV and TeV emission that is seen
by Fermi-LAT and VERITAS, respectively.

The spectral shape of the GeV emission with distinct cutoff at few GeV is typical of
Fermi-LAT detected pulsars(7). Similar behaviour is also exhibited by TeV binaries PSR
B1259-63 (hosting a ms pulsar) (35) and LS 5039 (179). The HE emission in pulsar binary
systems are modelled to be contributions from the magnetospheric radiations whereas the
VHE emission may be from IC up-scattered stellar photons driven by synchrotron X-ray
photons originating from fast moving electrons in the magnetic field of the pulsar. These
features are also seen broadly in the model SED for LS I +61° 303 shown in the bottom
panel of Figure 3.6 where the the emission detected by Fermi-LAT and EGRET (i.e., GeV
emission) are on the falling edge of the synchrotron emission bump and the TeV is driven

by IC processes.

4.7 Discussion

Previous long-term multifrequency observations from LS I +61° 303 were unable to
find the X-ray/TeV correlation, seen by MAGIC in 2007. The persistant correlation is now
seen over multiple orbits spanning several years. Despite the presence of significant gaps
between observations, the correlation is constant and cannot be simply dismissed as a
coincidence. A single leptonic population could produce the correlated X-ray/TeV emis-
sion and the energy losses may be dominated by adiabatic processes (180). The rapidly
simultaneous variations of fluxes in both TeV and X-ray wavelengths indicates a common
mechanism that affects the IC and synchrotron mechanisms that produce the respective
emissions.

We hypothesize, the magneto-hydrodynamical processes in the acceleration and emis-

sion regions modulate the number of emitting particles via dominant adiabatic losses
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giving rise to the correlated X-ray and TeV emissions (the number of injected particles
assumed constant). The hydrodynamical processes may be related to the interaction of
pulsar wind or the microquasar jet with the stellar wind of the Be star. The observed X-ray
photon index of 1.58 supports a model of dominant adiabatic losses (shocked plasma suffer
adiabatic losses as it expands).

Studying the X-ray light curves in detail and sampling the entire orbit could point
towards orbital dependencies of the model. The IC emission produced by upscattering
stellar photons by energetic leptons (which are also producing the X-rays via synchrotron)
would be subjected to further modulation by the changes in seed photon density along
the orbit as well as interaction angles due to geometrical orientation of the orbit. The
phases corresponding to observations that established the correlation between X-ray and
TeV emissions are close to apastron. In these phases, the CO is > 7 R, (upper-limit derived
from Ha observations) away from the optical star, beyond the radius of direct photon-
photon absorption and pair creation effects from stellar optical/UV photons. The X-ray
fluxes are also de-absorbed hence any absorption effects can be neglected. The correlated
X-ray and TeV fluxes is not an artifact of variable absorption towards the source and hints
to be an intrinsic property of the system supporting the leptonic one zone model (140, 180).

The noncorrelation seen in the GeV/TeV data sets during three consecutive seasons
of highly active states of LS I +61° 303 strongly confirms the theory that there are two
different parent particle populations driving the emission at the respective energy levels.
The GeV spectra of the source is quite stable over different parts of the orbit and fits a
power-law with exponential cutoff at 4-6 GeV. However, the GeV modulation reduced
significantly resulting a flatter lightcurve during years 2009-2010 when LS I +61° 303 was
detected in only a low flux state below 5% of Crab Nebula at TeV.

The GeV emission from LS I 4+-61° 303 is key to understanding the energetics of the
system and testing the neutron star colliding wind model. The similarity of the spectrum
to Fermi-LAT pulsar which also shows exponential cutoff are consistant with the magneto-
spheric origin for the HE emission (97). The emitted gamma-ray luminosity (L) is related
to the pulsar’s spin down luminosity (E) as 17, = L,/E where 7, is the gamma-ray effi-
ciency. For £ > 10* erg s~1, 1, ~ 0.034(E/10% erg s~1)~1/2 from Fermi-LAT observations

1

of pulsars (7). Solving for E we get E ~ L% /(1.156 x 10%3) erg cm 2 s~ !. Using phase
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averaged values from Fermi-LAT observation of LS I 4+-61° 303 (97) assuming traditional
models like polar cap, a spin down luminosity of E ~ 2 x10% erg s~ lis obtained which
complements the NS model described in Section 3.2.2. However, if more sophisticated
recent pulsar models like slot-gap or outer-gap models are used, it would result in a much
more energetic pulsar with E ~ 3 x 10% erg s~!. Considering an alternate IC mode of
production for observed Fermi-LAT flux, the spin-down luminosity is still found to be of
the order of 10% erg s~1. This is because the efficiency between the spin-down luminosity
and observed IC luminosity is 1-10%, considering the later to be of the order 10¥erg s 1.
Either way, such an energetic pulsar wind could not be contained by the comparatively
feeble Be star wind, contradicting the elongated shape of radio emission seen around orbit
interpreted as the cometary tail of pulsar wind (122). For more details on the one-zone
model, origin of correlated X-ray/VHE emission from LS I +-61° 303 , and details on the
energy budget of the system, see (180).

Some evidence of coupling between thermal and nonthermal emission coming from
LS I 4+61° 303 has been found (181). The orbital noncorrelation between HE and VHE
emission and the cutoff in HE spectrum are reminiscent of multiple nonthermal emission
regions along the orbit. The constant X-ray and TeV quiescent emission seen around
the entire orbit (the later is a recent discovery by VERITAS, see Section 3.4.3 for details)
could share a common origin with the GeV emission. Extensive simultaneous GeV/TeV
data sampled evenly around the entire orbit is essential to test this theory. The observed
correlation also raises additional questions regarding long term steady overall behaviour
of the source. Further long term multiwavelength monitoring of LSI +61° 303 is necessary

to unravel the true nature of this exceptional TeV binary.
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Table 4.1: VERITAS observation results from days with simultaneous/contemporaneous
Swift observations.

MJD Orbital | Non | Norr | Significance | Exposure Flux
Phase (¢) (o) [hours] x1072 ecm—2s7!
56948 0.595 128.0 | 363.0 15.1392 1.5014 37.726 4+ 3.9769
56950 0.671 7.0 84.0 -1.0641 1.0008 —1.6681 4+ 1.3941
56951 0.708 11.0 | 231.0 -0.4923 1.001 —0.9062 £ 1.7602
56952 0.746 10.0 | 207.0 -0.4633 1.001 —0.8164 £ 1.6862
56954 0.821 10.0 | 247.0 -1.0115 1.000 —1.8669 4+ 1.6795
56960 0.048 11.0 | 213.0 -0.2202 1.001 —0.3959 +1.7619
56975 0.614 116.0 | 295.0 15.0297 1.80 28.334 4 3.0755
56976 0.652 65.0 | 251.0 9.3832 1.2842 20.169 4 3.2105
56983 0.916 10.0 | 102.0 1.6023 0.6517 3.3747 4+ 2.4826
57001 0.595 17.0 | 226.0 1.1520 1.3897 1.7646 £ 1.6733
57002 0.633 72.0 | 463.0 7.1537 2.6517 9.3552 £ 1.7350
57003 0.671 77.0 | 412.0 8.5128 2.2558 12.480 + 2.0376
57359 0.107 20.0 | 233.0 1.7762 1.5008 2.3187 4-1.4827
57365 0.333 28.0 | 285.0 2.6863 1.5008 3.8993 +1.7115
57367 0.409 34.0 | 195.0 5.3706 1.2172 9.0826 4 2.3083
57394 0.428 10.0 | 130.0 0.9278 1.0006 1.3392 + 1.5840
57667 0.731 11.0 | 58.0 3.0645 0.4503 9.5565 4= 4.2551
57670 0.844 37.0 | 303.0 3.7950 2.0011 5.5329 4 1.7878
57692 0.675 66.0 | 274.0 8.8178 1.5008 21.077 4 3.4628
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Table 4.3: VERITAS and Fermi-LAT fluxes from days with simultane-
ous/contemporaneous observations.
MJD TeV VERITAS TeV Flux GeV TS GeV Flux
o4 Exposure [h] | x10712cm 257! erg x107cm 257!

56946 | -0.8917 0.3667 —2.7930 +2.7014 | 39.3579 | 13.016 £ 4.03678
56947 | 5.7767 0.4167 25476 = 6.5120 | 23.9469 | 7.37863 + 3.35214
56948 | 15.1392 1.5014 37.726 £ 3.9769 | 36.9712 12.6358 £ 2.8403
56950 | -1.0641 1.0008 —1.6681 £1.3941 | 31.8364 | 7.48912 +2.23225
56951 | -0.4923 1.0014 —0.9062 +1.7602 | 64.4964 | 8.62771 4 2.06657
56952 | -0.4633 1.0011 —0.8164 +1.6862 | 52.3382 | 7.95481 4 2.15084
56954 | -1.0115 1.0006 —1.8669 £1.6795 | 81.9682 | 8.43275 =+ 2.13209
56956 | 0.5065 1.0022 0.9484 +1.9531 | 61.8789 | 10.3691 £ 2.47355
56958 | 1.5452 1.0011 29556 +2.1561 | 103.277 | 11.5665 £ 2.20102
56960 | -0.2202 1.0019 —0.3959 +1.7619 | 50.9073 | 8.45153 +-2.03931
56962 | 1.1900 1.0006 2.3166 =2.1393 | 43.6225 | 7.40235 + 2.00704
56973 | 0.5101 0.4333 1.5388 +3.2201 | 93.2558 | 13.7919 + 2.46687
56974 | 4.8963 0.6003 14.695+4.2170 | 19.3283 | 7.32326 +2.39571
56975 | 15.0297 1.8008 28.334 £3.0755 | 35.6897 | 6.04558 4 2.25179
56976 | 9.3832 1.2842 20.169 £3.2105 | 67.961 | 12.9565 =+ 2.75557
56977 | 1.5334 1.0514 2.7602 +2.0272 | 50.3058 | 7.38712 £2.0181
56979 | 0.1354 1.0028 0.2333 £1.7456 | 17.0323 | 4.25996 + 2.33683
56981 | 3.1159 1.0031 5.7007 £2.3036 | 42.5527 | 6.43335 4 2.37689
56982 | 0.5101 0.5014 1.6722 £ 3.4992 18.04 5.32402 + 2.14404
56983 | 1.6023 0.6517 3.3747 £2.4826 | 9.00907 | 1.85209 £ 1.50792
56985 | 2.4736 0.9514 4.5828 £2.2547 | 23.1218 | 6.67882 +2.41048
56987 | 0.6310 1.0033 1.0666 +1.7894 | 31.8193 | 3.41986 +1.11873
56989 | 1.7928 1.0036 34011 £2.1729 | 18.4071 | 7.16264 4 2.72658
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Table 4.3 Continued.
MJD TeV VERITAS TeV Flux GeV TS GeV Flux
o Exposure [h] | x1072cm 2571 erg x107cm 257!

57000 | 0.9060 0.2311 3.8064 4 5.1860 116.41 13.2283 4-2.07601
57001 | 1.1520 1.3897 1.7646 +£1.6733 | 289.533 | 21.2102 £ 6.01358
57002 | 7.1537 2.6517 9.3552 + 1.7350 145.632 13.8446 £+ 2.0196
57003 | 8.5128 2.2558 12.480 £2.0376 | 96.3997 | 9.9035 4 1.93467
57032 | 0.4804 1.0036 0.6441 +1.4139 104.237 | 11.9034 +£2.11813
57357 | 1.2940 0.5003 2.8939 +2.6198 | 88.5167 | 9.98989 + 2.08934
57358 | 1.2590 1.0006 2.1927 +£1.9312 | 100.347 | 11.2242 + 2.00568
57359 | 1.7762 1.5008 2.3187 +-1.4827 | 86.3393 | 7.22655 + 1.94516
57362 | 0.1058 1.4508 0.1382 +1.3175 | 40.7662 | 10.2474 4+2.22325
57364 | 3.2991 1.0006 6.1700 £=2.3472 | 25.8754 | 5.89893 4 1.95065
57365 | 2.6863 1.5008 3.8993 +1.7115 | 86.4681 | 10.0443 + 1.95704
57367 | 5.3706 1.2172 9.0826 +-2.3083 | 26.8343 | 5.76999 + 2.00579
57370 | 4.2194 0.9839 8.2777 & 2.7236 | 99.3662 11.9947 + 2.05661
57372 | 10.0104 1.5008 16.913 £2.5987 | 108.982 | 9.27361 £ 1.81722
57385 | 0.0905 0.4000 0.2209 =2.4744 | 54.6948 | 8.65939 4 1.94128
57387 | 1.0165 0.1667 43547 +5.1891 | 94.6219 | 10.7741 +2.09971
57389 | 0.2462 1.5008 0.2827 £1.1730 | 107.493 | 14.7048 4+ 2.45031
57391 | -0.1739 1.2231 —0.2284 +1.2920 74.5 14.8411 4+ 2.46729
57394 | 0.9278 1.0006 1.3392 £1.5840 | 121.164 | 13.2743 £2.42736
57397 | 2.3423 1.0006 3.7498 +1.9518 | 81.0215 | 9.46253 + 1.87989
57399 | 11.2134 1.5008 19.757 £2.8042 | 52.2824 | 7.79415 + 1.82215
57401 | 9.2757 1.5008 16.297 £2.6199 | 45.9802 5.1781 + 1.60235
57662 | -0.0837 1.5008 —0.1398 +-1.6585 | 82.4059 | 10.0034 £ 2.23514
57663 | -0.5736 0.8619 —1.0910 +1.7626 | 64.388 12.0106 4+ 2.31521
57665 | 8.4191 1.5008 16.927 +£2.8721 | 94.8711 | 11.0587 +2.07711
57667 | 3.1423 0.4503 10.119 + 4.3158 75.55 8.7188 4+ 1.94002
57670 | 3.2261 2.0011 45498 +1.6757 | 24.5753 | 2.91231 + 1.24556
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microquasar with precessing jets (red points). Figures reproduced from (106).
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Figure 4.2: Plot of log(AV /2v sini) versus EW (Ha) for LS I +61° 303 . Dashed lines
depict average behavior and upper limits for Be stars clearly pointing at above averrage
disc densities for LSI +61° 303 . Plot reproduced from (169).
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Figure 4.3: Left: Skymap image of LS I +61° 303 in the 15-150keV energy range from
Swift/BAT Right: Phase folded Swift/BAT lightcurve in three energy ranges, 15-35keV in
red, 35-150kev in blue, and 15-150keV in black. Figures reproduced from (173).
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1.4 arcminutes

Figure 4.4: Swift XRT image of LSI +61° 303 using 165 ks of data overlaid with Swift/BAT
error circle of the magnetar-like short burst event, figure reproduced from (143).
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Figure 4.5: Superorbital variability of GeV flux > 100MeV is seen at individual phases
covering apastron passage (¢ = 0.5 — 1.0). Solid black line in each panel is a sinusoidal
fit to the data from Fermi-LAT with a fixed period of 1667 days. Figure reproduced from
(162).
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Figure 4.7: X-ray spectrum obtained from all Swift observations from October 2014 to
December 2016. Photon Index for the 109.ks data set is 1.58 & 0.04 and average unabsorbed
flux of (1.69 £ 0.03) x 10~ erg cm~2 s~ 'with a reduced x? of 0.96.
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Figure 4.8: Left: Correlation at the level r = 0.8170%¢ seen by MAGIC in 2007 data using
10 simultaneous observations with XMM Newton and Swift XRT, figure reproduced from
(140). Right Uncorrelated X-ray and TeV flux with correlation coefficient r = 0.36 £ 0.32
seen from simultaneous Swift XRT and VERITAS observations, figure reproduced from

(137).
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Figure 4.9: TeV(VERITAS) vs X-ray(Swift XRT) fluxes, Pearson correlation coefficient r =

0.756f8:[1]g for the datasets.



129

30 TeV vs GeV Flux
@ '© 2014 Season
- : : : (9] [$#] 2015 Season
_NE 25 /8] 8] 2016 Season H
e : :
3 i |
> il ? ?
T 15} - - F- BN -] 8
S o6 S 7ol S
= 11 } L T ©
) | ] f—] | | T
E 10k I L e O I |
; I
g 7 e, G SN SR
= i I il P ARE] L o)
= s I _
= ?ol 1
: od :
0 i i i i i
-10 0 10 20 30 40 50

Flux (=300 GeV)x 10~ 12~s 2571
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CHAPTER 5

S$S433: THE ELUSIVE MICROQUASAR
SYSTEM

The 55433 high-mass X-ray binary system has been studied extensively in radio, op-
tical, X-ray, and gamma-ray energy ranges. In spite of decades of observations and the-
oretical modeling, this unique system still poses many questions, especially in the high-
energy range. It has been predicted to be a strong source of gamma-ray emission based on
the interaction of its powerful precessing jets with the surrounding interstellar medium.
Previous generation IACTs like HEGRA had placed upper limits on this system with the
anticipation that the current generation of IACTs like VERITAS and MAGIC would be bet-
ter equipped to detect TeV emission. In this chapter, a detailed description of this unique
HMXB system harboring a microquasar will be given. Results of VERITAS observations of
55433 between 2009 and 2012 will be presented along with a discussion of the implications

of these results.

5.1 SS433, the Microquasar

Object 433 from the from Stephenson and Sanduleak Catalog (1977) was identified as a
variable nonthermal radio (182) and variable X-ray source (183). The hydrogen and neutral
helium emission lines were identified to be extensively Doppler shifted to the red and blue
by many thousands of km/s (184, 185). This was explained in (184, 186, 187) that the shift
in H and HE I lines are due to oppositely directed bipolar jets of gas that are precessing.
This significant discovery spurred several decades of theory, observations, and modeling
of the S5433 system.

SS433 a eclipsing binary system consisting of a super-giant ~A7Ib star (188) of mass
30M; and an accreting blackhole of mass 9M, in an 13.082 day orbit (189). It is located
in the galactic plane; the position of its optical counter part is at RA: 19"11"49° Dec:
+4°58'48"” with corresponding galactic coordinate is (1, b) = (39.700, 2.252) at an estimated
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distance of 5.5 &= 0.2kpc (190). The most fascinating aspect of the SS433 system are its dual
jets which excite the surrounding W50 nebula.

W50 closely resembles a supernova remnant and is extended along the jet precessional
axis with 55433 in the center with lobes in eastern and western directions. The radio mor-
phology of the W50 nebula and its surrounding is seen in Figure 5.1, the central magenta
star is the location of 55433 with bright lobes in the eastern and western directions. The
central blackhole accretes matter and gives rise to these relativistic jets (bulk speeds of
0.26c) which precess with a period of ~ 162.50 days along an axis which is approximately
at 78° with the line of sight. In addition to their precessional motion, the jets undergo
small amplitude so-called nutational oscillations with a period of 6.28 days, which is half
the synodic orbital period, P,,;, = 13.082 days. The nutational nodding of the jets and
accretion disk is due to periodic tidal perturbations of the disk by the gravitational field
of the donor star (191) or to perturbations of the accretion flow. For quick reference of the
reader the parameters of S5433 are listed in Table 5.1 with a schematic representation in
Figure 5.2

Using different observational methods guided by radiation mechanisms, distance from
the source, etc., the X-ray jets, the optical jets, and radio jets can be identified. The X-ray
jets are short but radio emission can be seen along almost the entire extent of the optical
jet. The jets of SS433 are unique not only because of their extent and interaction with the
W50 nebula but also because of their baryonic content. It is the only known system where
hadrons are accelerated in the jets along with leptons (192) making it a unique laboratory
to study the production of gamma rays via proton-proton interaction (relativistic hadrons

interaction with cold ions within the jets).

5.1.1 Radio Observations
The central source in the SS433 system radiates 1 Jy at centimeter wavelengths. This
bright radio star’s emission is mostly nonthermal in origin. The bulk of the synchrotron
radio emission appears about ~ 10'> cm from the central source (193) which is also the
location of maximum optical line emissions from the jet. The radio emission from the jet
fades away beyond a distance of 10" cm and reappears at ~ 10% cm where intense X-ray

emission is also observed (194).This is referred to as the “ears’ or lobes of the W50 nebula.
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Relativistic electrons are continuously generated and travel along the jet producing the
synchrotron radio emission. The jets are termed 'heavy’ due to the constituent e”p™
plasma propagating at low relativistic speeds of 0.26c without significant deceleration.
The relativistic particles are supposedly accelerated in shock waves during interactions
between the jets and gas flowing from the accretion disk. The heavy jets are what makes
55433 a unique system among microquasars.

Long-term monitoring of 55433 has revealed the variable nature of the system (195).
The radio jets show both quiescent and active states, where powerful overlapping flares
are seen during the later lasting 30-90 days (193). The radio flux varies with a 6.29-day
nutational period but is not modulated by the orbital or precessional period. During a
flaring episode, the internal structure of the radio jets are altered and may show up as
a one-sided jet. The asymmetry of the ejection and the interaction of the jet with the
surrounding gas from the disk wind and absorption of radio emission by this gas may
be the driving factors for the radio structures seen during the flare, occurring due to

perturbation in the jet activity. Radio image of SS433 from VLA is shown in Figure 5.3.

5.1.2 X-ray Observations

55433 has been intensively studied in X-ray wavelengths since 1979 and an excellent
review of early observations is available in (196). A short chronological summary of
observations from the various instruments is discussed in this section. It will help in the
understanding the motivation to observe this peculiar source at higher energies. The Ein-
stein Observatory was first among many to observe S5433 extensively and revealed it to be
a variable X-ray source. Due to the observatory’s limited energy resolution, it was a chal-
lenge determining whether the emission was thermal or nonthermal in nature. Symmetric
X-ray structures extending 10 cm from the central bright source was also discovered by
Einstein Observatory which later is now believed to be formed due to the interaction of
the jets and the surrounding medium. The discoverers suggested synchrotron and a more
plausible thermal emission mechanisms for lobes (197). Finer resolution was achieved with
the advent of EXOSAT, a Doppler-shifted FeXXV Ka emission line was found in EXOSAT
GSPC X-ray spectra of SS433 which was moving in accordance with the jet precession

period (~ P,)(198). This proved the X-rays originated in the jets and were thermal in
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origin. Only one X-ray emission line was found in the spectrum and it was assumed that
X-ray emitting zone of the receding jet was obscured by the accretion disk constraining the
size of the jet < 102 cm. Data from ROSAT were used to conduct detailed spectroscopic
studies of the eastern and western lobes (194, 199). A ROSAT PSPC image of the eastern
and western jet termination regions are shown in the two panels of Figure 5.4 While the
X-ray lobes of the eastern jet coincided with the radio ear, there was no such coincident
X-ray emission from the western radio ear. The large-scale asymmetries in eastern and
western jets were explained by the nonuniform expansion of the W50 supernova remnant
into the inhomogeneous ISM. Softer spectrum in regions wl and w2 of the western jet
was attributed to breaking of the jet and pushing the radio ear further into the denser
medium towards the galactic plane whereas the eastern ear was towards a lower density
of confining matter, away from the galactic plane.

ASCA found many more moving emission lines of Si, S, Ar, Ca, Fe, and Ni (200),
confirmed the visibility of both approaching and receding jets and suggested them to be
longer than previously thought. The spectrum of X-ray regions adjacent to S5433 had a
harder spectrum than those farther away in the lobes (201). The authors suggested that
the emission in the lobes were likely from synchrotron electrons accelerated by the shock
which led to the first predictions of ultra-high-energy gamma rays extending up to TeV
energies from the lobes. The authors in (202) made a detailed study of the western lobe
of 55433 with Chandra and preferred a nonthermal approach in explaining the emission
and the corresponding derived values for Ny, synchrotron energies and lifetimes were in
agreement with those seen previously by ROSAT and ASCA.

Clear precessional variability was seen n 18-60 keV hard X-ray energy range by IN-
TEGRAL. The precessional lightcurve for eclipsed (0.95 < ¢, < 1.05) and uneclipsed
(0.2 < ¢orp < 0.8) states are shown in Figure 5.5 which shows the maximum flux to be 5-7
times greater than the minimum flux. This variability was found to be stable over several

precessional periods (188).

5.2 High-Energy Emission from SS433
This section outlines the models predicting gamma-ray emission from different parts

of the S5433 system and a summary of observations that has been conducted n the HE and



134

VHE wavelengths.

5.2.1 Production of Gamma Rays in Jets of SS433

Reynoso model predicts emission of gamma rays from the jets of S5433 where gamma
rays would be produced close to the black hole, visible during certain phases when absorp-
tion is minimum by the disk (188). The model describes protons accelerated to 3.4 x 10°
GeV in the jets at shocks produced by collisions of plasma outflows with different bulk
velocities. Applying the conservation equation in the shock frame, the upstream velocity
would be greater than the downstream velocity and the two regions may be regarded
as two converging flows. The first-order Fermi acceleration processes would produce a
power-law particle spectrum. The proton-proton interactions would then produce sec-
ondary gamma rays and neutrinos.

The gamma rays would be subject to various absorption mechanisms. The primary
source of absorption would be the star when it eclipses the blackhole for ~ 2 days once
every 13 days. A second absorption feature would correspond to interactions between
gamma rays and nucleons from the extended disk. At higher energies, the vy interactions
would become dominant where UV photon and mid-IR photons would heavily attenuate
those photon > 50 GeV and > 500 GeV, respectively (203)

Favorable observation window for S5433 according to the Reynoso model would be for
phase ¢ > 0.91 and ¢ < 0.09 when the extended disk is open maximum open in Earth’s
direction, the expected fluxes are shown in Figure 5.6. In this phase, the gamma rays would
be minimally affected by absorption by the thick equatorial disk. A conservative estimate
of the half opening angle 30° gives optimal detectability window of ~ 29 days. If the half
opening angle is smaller than the assumption then the observational window would be

wider.
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5.2.2 Production of Gamma Rays from Microquasar Interaction
with ISM

The Bordas model is based on an analytical jet/medium interaction structures in radio
galaxies (204). This model assumes two oppositely directed conical jets emerging from
the central blackhole. The ejected material in the jets decelerates when its mass becomes
equal to the swept-up ISM. Two shocks are formed at the tip, one propagating forward
into the ISM (bow-shock) and the other inward back into the jet material (reverse shock).
Matter crossing back in the reverse shock inflates the cocoon which protects the jets from
any disruptions and a third confinement shock is formed in the jet where the pressure is
equal to that of the cocoon. The different aspects of the model are represented as a diagram
in Figure 5.7.

Electrons are accelerated by the shocks along the jets by first or Fermi acceleration pro-
cesses. They could reach energies 2-10 TeV in the shell region where synchrotron emission
is the dominant radiative process. Similarly, synchrotron emission would also dominate in
the cocoon region where electrons could be accelerated up to 100 TeV. In the reconfinement
region, both synchrotron emission and IC emission could equally contribute for electrons
accelerated up to 10 TeV.

Based on conservative estimates of various parameters of the model like the age of
the microquasar, distance, density of ISM, kinetic power of the jet, and the nonthermal
luminosity fraction, the authors in (205) estimates the flux below detectable level of current
IACTs (~ 10~ ergs~lem =2 above 100 GeV). It is to be noted that the selected parameters
may be too conservative and the authors have only accounted for the leptonic component.
The powerful jets of S5433 have been proven to have a hadronic component which is likely

to produce gamma rays in the jet termination region.

5.2.3 HE Observations
Using 5 years of data from Fermi-LAT a significant emission region was associated
with 55433 (205). The point-like emission region had a significance of 7.3¢ with a 3¢ posi-
tional accuracy at a 99% confidence level. A TS map of the 5° x 5° is shown in Figure 5.8
with a diamond marking the optical position of SS433.
Due to the lack of any plausible high-energy counterpart and predicted nonthermal

activity from SS433 the significant emission region was associated with SS433. It is to be
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noted the authors mention the best-fit position to the emission at R.A. = 287°.65, Dec. =
4°.72, which is 0°.41 away from the nominal position of SS433, with a 1¢ error circle of
0°.15. A steady flux of ¢, = 2.4 +0.3 x 10~ 87s cm? s! was calculated above 200MeV from
the entire 5 year dataset.

The spectral energy distribution of the Fermi-LAT flux shown in Figure 5.9 is fitted
with IC, relativistic bremsstrahlung and proton-plasma interaction emission but, none of
these models fit the data below 250 MeV. Besides exploring the possibility of gamma-ray
emission from the jet base and interaction of the jet with the W50 nebula, authors have
also speculated the W50 nebula itself as the source of gamma rays, similar to observed TeV

emitting supernova remnants like IC443.

5.2.4 VHE Observations

The HEGRA TACT-System observed a region of diameter 4.0° centered on S5433 be-
tween 1998 and 2001 (206). HEGRA was unable to detect 55433 or any part of the jet using
a total of 109.9 h of data that were acquired during this period. A 99% confidence U.L. on
flux was placed on various regions of the S5433 system which are listed in Table 5.2. They
also calculated a lower limit on the postshocked magnetic field in the e3 region > 19uG.

The CANGAROO II telescope was also unable to detect S5433 with 85.2h (ON source)
and 80.8h (OFF source) with data recorded between 2001 and 2002 (207). They derived
upper limits from fluxes at 99% confidence level at regions p1, p2, and p3 (all locations in
the western jet) to be 1.5 x 1012,1.3 x 102, and 7.9 x 10'3 cm? sec!, respectively, for Ey, >
0.85 TeV. Most recently, MAGIC and H.E.S.S. also conducted joint campaigns on S5433 but
also failed to detect any significant emission (208). The available MAGIC skymap of the
55433 system is seen in Figure 5.10

5.3 VERITAS Observations
VERITAS archival data had a total of ~ 90 h of data within a 1.5° offset from S5433.
The data were recorded mostly between September 2007 and July 2012. There were also
few h of data that were acquired during Target of Opportunity observations following a
GRB. The later was discarded due to poor weather conditions. The data recorded between

September 2007 and July 2012 are from two different epochs V4 and V5 of the instrument’s
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operation. From the V4 epoch, 10.4 h of data, recorded between September 2007 - July
2008 has been already analyzed and no significant emission was detected from the source,
although the author in (209) found a 4.9¢ pretrials significance in the w2 interaction region.
The ~ 72 h data used here are from V5 epoch collected September 2009 - July 2012. S5433
is located in a busy gamma-ray neighborhood with the extended MGRO ]J1908+06 only a
few degrees away at R.A.: 19"07"54° Dec.: +06°16/07”. The telescopes wobbled around a
central location in the sky between SS5433 and MGRO ]J1908+06 to accommodate both the
sources in the field of view (FoV), maximizing observation for both the sources. Table 5.3

provides a summary the VERITAS observations used in this work.

5.4 Data Analysis

55433 lies in a complex region close to the galactic plane. Not only is the source
extended in the sky over 2° x 2°, it lies close to the extended MGRO J1906+08 source.
A number of regions on interest (ROI) has been selected for analysis from the exposure
around this region, listed in Table 5.4.

The ROI have been selected based on previous observations in this region and guided
by predictions of gamma-ray production from different regions of S5433. The Bordas Model,
places a maximum limit on energies of electron at ~ 10TeV producing HE emission through
synchrotron and IC radiative channels in the jet reconfinement region, close to the central
engine. This makes the region around the blackhole a logical choice for the search of
TeV gamma rays. According to the Bordas Model the western region (referred to as w2 in
(199)) of the W50 remnant is also plausible site for gamma-ray production via interactions
between relativistic jet particles and the remnant shell. As mentioned in 5.1.2, strong
nonthermal emission arise in this region with the regions of strongest emission tracing
out the helical precession of the flowing jet into the W50 environment (202). The helical
jets are seen from a Chandra image shown Figure 5.11.

Three regions in the eastern jet are defined as el, e2, and e3 based on (199) of which
e3 is the region where the 'radio” ear coincides with X-ray emission. The X-ray emission
from e3 has competing models of thermal bremsstrahlung interpretation (due to limited
energy resolution of ROSAT and ASCA (199)) and nonthermal synchrotron emission (sup-

ported by strong spatial radio/X-ray correlation (194, 210)). Since the e3 region has been
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investigated previously by HEGRA IACT (206) and a reasonable upper limit was already
placed (Table 5.2), this work concentrates on other two regions, el and e2 in the eastern
jet. These two regions are also of interest due to their strong nonthermal X-ray fluxes. The
regions are shown in Figure 5.12 which is a ROSAT PSPC image focusing on the eastern jet
of 55433.

Archival VERITAS data for these 4 ROI for the analysis presented here. A specialized
Boosted Decision Tree (BDT) technique was employed for the analysis of the data. The
BDT technique has shown substantial improvement in source detection significances over
the standard technique, retaining more gamma rays during the v /hadron seperation step
(85). This technique improves sensitivity especially for faint gamma-ray sources. The cuts
used are harder from the standard cuts for higher energy threshold due to large zenith
angle observations. To improve performance on weaker sources, specialized hard-weak
BDT cuts were used that are less restrictive than hard BDT cuts. Hard-weak cuts allow
recovery of a better gamma-ray rate while maintaining low background rates compared
the the more restrictive hard BDT cuts.

The orientation between the jets and the extended disk may play a role in source
visibility. It may result in detectability only during certain precessional phases when the
the gamma rays originating at the base of the jets will travel to the without having to pass
through the equatorial disk (203, 211). The predicted phase for gamma-ray detectability is
most likely is between ¢ > 0.91 and ¢ < 0.09 where ¢y = JD2443507.47 is defined as when
the disk is maximum open to the observer (188). The precessional phase has been binned
into 5 bins with width of 0.2 starting with phase ¢ = 0.1.

The ring background method (see (91) for details) has been used to estimate the back-
ground of cosmic rays, night sky background, noise, etc. A bright extended TeV source
MGRO J1908+06 is within the field of view in the data and has been excluded while
performing background estimation. All of the selected ROI have also been excluded from

the background estimation.

5.5 Results
The entire data from VERITAS comprise, of mainly two epochs V4 and V5. The V4

epoch was before the relocation of T1. Some V5 data were previously analyzed focusing
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on the central SS433 source and w2 of the western jet (209). In the current analysis on V5
data from 2009 to 2012, no significant gamma-ray emission is found from S5433 central
blackhole, w2, el, or e2. The skymap at the location of S5433 BH is seen in Figure 5.13
with radio contours overlaid in green. A 99% flux upper limit calculated at the location is
2.29 x 10713y cm 257! above 600 GeV (analysis threshold). It is to be noted the hole in the
radio contour on the eastern part is the location of eastern jet ROI el and e2. The 99% flux
upper limits from each of the phases at the location of the BH is summarized in Table 5.5
as well as for the entire data set.

The western jet had received special attention in (209) because of the the strong non-
thermal emission coming from this region as seen in (202) with the regions of strongest
emission tracing out the helical precession of the flowing jet into the W50 environment.
Theoretical predictions for GeV/TeV emission from the w2 interaction point are extremely
promising in the Bordas model. During VERITAS observations, the initial part of the data
were collected by wobbling around w2 and later around a central location between SS433
and MGRO J1908+06 (to maximise joint visibility of both these sources). The 4.9¢ pre-
trials excess calculated by (209) at the location of w2 with standard hard cuts for a point
source analyzing ~ 19 h of data are no longer seen with ~ 71 h data from the V5 epoch
using BDT hard-weak cuts for a point source. A 99% confidence level flux upper limit of
2.66 x 107135 cm 257! is calculated at w2 from the entire data set. Phase-based upper
limits for w2 are also calculated and summarized in Table 5.6 respectively. The skymap
shown in Figure 5.14, is overlaid with X-ray contours from ROSAT/ASCA in green with
the PSF around w2 marked in black.

The X-ray emission from el and e2 regions in the eastern jet are harder than e3 (199)
which made them a more suitable candidate to expect gamma-ray radiations. Both power-
law and Raymond-Smith thermal models were well fit to the spectra from el and e2 but
the high temperature obtained from the thermal bremsstrahlung model could not be con-
strained by ROSAT. The analysis of ASCA observation suggested nonthermal origins of
the X-ray in absence of emission lines, coupled with electron energies of 50TeV (implying
1-2keV photon energies) the model was able to explain the harden photon index required
ot fit ROSAT data. On a first glance the gamma-ray skymap also shows a warm spot at

el and e2 seen in Figure 5.15 and Figure 5.16 but they fall short of the required signifi-
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cance 50 to claim a detection. Nevertheless, flux estimate of 5.68 x 10713 4 cm~
4.21 x —13 v cm~2 s~ from the el and e2 regions could still be accurate if the future IACTs
like CTA detect them. In Table 5.7 and Table 5.8, the results for a 99% confidence level
upperlimit for el and e2 along with phase-based upper limits are summed up.

The upperlimits from each of the phases for individual ROI are shown in Figure 5.17.
The same color scheme red - S5433 BH, green - w2, magenta - el, cyan - e2 upper limits for
the entire data is shown to the Reynoso model along with exposure hours in each phase.
The limits placed by VERITAS are much lower than predicted by Reynoso model and the
HEGRA collaboration. This indicates that S5433 may not be as luminous as thought previ-
ously. The Bordas model may have estimated the flux of S5433 correctly at ~ 10715 cm 2571,

5.6 Discussion

VERITAS observations of SS433 BH, w2, el, and e2 positions do not provide evidence
of any significant gamma-ray emission, although the el region shows 3.7¢ significance. No
claim of discovery is made from any of the regions as they are below the conventionally
accepted detection level of 50. No significant emission has been made previously by
other IACTs although the upperlimits placed by HEGRA above 800GeV has been able
to constrain the lower limit of the magnetic field to 191G at e3 based on the model in (212).
The upperlimits calculated from the VERITAS data for the different ROIs are shown in
Figure 5.18. Authors in (203) proposed a few mechanism contributing to the opacity of
gamma-ray propagation from 55433 (203).

The primary source of absorption would be the star when it eclipses the blackhole for
~ 2 days once every 13 days. Gamma rays would be attenuated significantly by interaction
with lower energy photons coming from the star and its disk by producing e*e™ pairs via

7y annihilation processes. The optical depth would be given by
ATy, = (1 — &, - éy)npy 0y dp,y dE dcos’ d¢' (5.1)

where the é, direction of gamma ray with energy E, travelling a distance of dp, in the
photon field, &, direction of soft photon from star or disk with energy E at angles 6’ and
¢', 0, is the cross section of the 77y interaction. The interaction cross section ¢, depends

on the energies E,, E, mass and classical radius of the electron. The low-energy photons
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are contributed by both the extended disk (mid-IR and UV photons) and the companion
star itself and the interaction cross section for each of these components contribute to .,

A second absorption mechanism would be due to interaction of the gamma-ray pho-
tons with the matter(nucleons) in the system comming from the the star and the disk,
photo producing pions. The cross section for these yN as derived in (213) is given by

(5.2)

_J340ub 200MeV < E, < 500MeV (for single pion channel)
™7 \120pb  E, > 500MeV (for multipion channel)

According to the Reynoso model, gamma rays are produced via pp interaction. The
model assumes the jets to be dominated by cold protons which act as targets for relativistic
protons accelerated at internal shocks. Using the HEGRA upper limit for 55433 > 0.8
TeV the Reynoso model calculates a maximum value for g,; < 2.9 x 1074, fraction of
the total kinetic energy of the jet carried by the relativistic protons (free parameter of the
model). Using VERITAS upper limits, q,,; can be further constrained to maximum value
of ~ 0.9 x 107%. Recently claimed detection of S5433 with Fermi-LAT shows idiosyn-
cratic spectral energy distribution which peaks at ~ 250 MeV and extending up to merely
~ 800 GeV (205). This spectral behaviour suggests that the maximum electron energies
previously projected from nonthermal X-ray emission are an overestimate and they would
only be accelerated to few GeV instead of tens of TeV. The origin of the GeV emission
is also ambiguous due to poor angular resolution of Fermi-LAT above ~ 1.5° at energies
~ 300 MeV. No variability is seen in the Fermi-LAT data suggesting the emission may
be originating in the outskirts of the binary system since otherwise it would be subject to
strong phase dependent absorption effects (203).

The nondetection of SS5433 by VERITAS may be indicative of a lower intrinsic lumi-
nosity at high energies or that the gamma ray may be produced too deep in the nebula
and suffer strong attenuation high enough to hinder detection. S5433 is a promising site
for hadronic gamma-ray production accompanied by neutrinos (102, 214) . Neutrinos are
unaffected by absorption mechanism like gamma rays and if observatories like IceCube
detect them, it would be a smoking gun for gamma-ray production via hadronic processes
in S5433. The assumptions made by the Bordas model predicts gamma-ray flux in the
order of 1071°. In the future CTA observations may offer the best opportunity to detect

gamma-ray emission from faint sources like SS433.



142

Table 5.1: Parameters of SS433 system (values are from (188, 189, 215).)

IM¢

30M,,

78.83 +0.10°
19.85 + 0.17°
0.2602 + 0.0013
1624.50

137,082

6%.29

MJD 43506.97

Mass of the blackhole

Mass of the optical star

Inclination angle of the precessional axis

Half opening angle of the precession cone traced out by the jet
Velocity of the jet in unit of c

Precessional period of accretion disk and jet

Orbital period of the eclipsing star

Nutation Period

Time at which precessional phase is at ¢(0)

for maximum opening of the disk.

Table 5.2: Upper limits of SS433 system calculated by HEGRA.

Source Exposure[h]  EgjesnoralTeV] 4)%9%11 4)??;/;
SS433 el 72.0 0.8 0.023 6.18
SS433 e2 73.1 0.8 0.034 9.18
SS433 €3 68.8 0.8 0.032 8.96
SS433 96.3 0.7 0.032 893
55433 wl 104.9 0.7 0.024 6.65
SS433 w2 100.7 0.7 0.031  9.00
SS433 knot2 103.0 0.7 0.020 555
SS433 knot3 100.4 0.7 0.023  6.59




Table 5.3: VERITAS observations of SS433.

Year | Exposure [h] | No. of Runs | Camera Offset (°) | Mean Elevation (°)
2009 9.33 27 0.7-1.0 59

2010 10.5 37 0.7-0.8 60

2011 26.11 88 0.05-1.1 61.2

2012 25.23 79 0.7-1.5 62.4

Total 71.17 231 0.06-1.5 61

Table 5.4: Regions of interest (Rol) in the S5433 system.

Location R.A. Dec Rol
S5433 19"11"49° 1+04°58/48" | 0.25°
w2 19"09"45° +05°03'00" | 0.25°
el 19"1333.67° | +04°56/57.56" | 0.25°

e2 19"1411.22° | 4+04°56/57.56" | 0.25°

Table 5.5: Upper limits at location of SS433 blackhole.

Phase NON Nopp (o 99% UL
0.1-0.3 52 586 | 0.2 | 4.12e-13
0.3-0.5 62 731 | -0.1 | 3.39e-13
0.5-0.7 || 35 357 | 0.7 | 7.95e-13
0.7-0.9 22 231 | 0.3 | 7.90e-13
09-1.1 25 282 | 0.0 | 5.70e-13

All 196 | 2195 | 0.4 | 2.29e-13
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Table 5.6: Upper limits at location of w2 (western jet).

Phase NON NOFF (% 99% UL
0.1-0.3 57 821 | 0.6 | 4.36e-13
0.3-0.5 69 1080 | 0.0 | 3.16e-13
0.5-0.7 42 546 1.1 | 8.07e-13
0.7-0.9 31 325 | 2.0 | 1.17e-12
0.9-1.1 26 463 | -0.6 | 4.05e-13

All 225 | 3245 | 1.2 | 2.66e-13

Table 5.7: Upper limits at location of el (eastern jet).

Phase NON Nopp g 99% UL
0.1-0.3 49 563 | 1.1 | 6.22e-13
0.3-0.5 68 583 | 2.6 | 8.54e-13
0.5-0.7 || 36 278 | 2.5 | 1.45e-12
0.7-0.9 23 218 | 1.6 | 1.40e-12
09-1.1 23 280 | 0.5 | 7.97e-13

All 199 | 1925 | 3.7 | 5.68e-13

Table 5.8: Upper limits at location of e2 (eastern jet).

Phase NON NOFF g 99% UL
0.1-0.3 39 427 | -0.1 | 4.47e-13
0.3-0.5 61 435 | 3.0 | 1.03e-12
0.5-0.7 21 231 0.2 | 7.79e-13
0.7-0.9 15 172 | -0.1 | 9.23e-13
0.9-1.1 17 172 | 04 | 7.77e-13

All 153 | 1442 | 1.8 | 4.21e-13
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Figure 5.1: W50 nebula and its surrounding with the microquasar S5433 in center (pseu-
docolor). This is a composite image from 58 different pointings by Very Large Array at the
National Radio Astronomy Observatory, reproduced from (210).
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Figure 5.2: Schematic diagram of the precessional jet geometry of S5433, figure reproduced
from (192).
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Figure 5.3: VLA image of 55433 from data were recorded in July 2007. C-band uniformly
weighted images of total intensity. Contours are in steps of v/2. The kinematic model of the
jets is overlayed on the figure with blue and red line segments representing the retreating
and oncoming jet material, respectively. Figure is adapted from (216), detailed information
about contour levels, map noise, etc., is found therein.
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Figure 5.4: (a)ROSAT PSPC image of the eastern lobe of S5433 system. Regions el(of radius
~ 3.5’) and e2(of radius ~ 2.0') are labeled. (b) ROSAT PSPC image of the western lobe
of S5433 system. Bright X-ray source at RA:19"10"13° and dec:+5°2'14" is independent of
the system. The regions w1l and w2 are centered at 19" and 31” west of SS5433 are labeled.
Figures reproduced from (199).
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Figure 5.5: Light curve from INTEGRAL in 18-60 keV energy range. Red crosses represent-
ing flux when the system is out primary orbital eclipse, blue crosses when inside eclipses.
Figure reproduced from (188).
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Figure 5.6: Predicted gamma-ray flux observable at earth as a function of precessional
phase of the jet. Top panel for Fermi-LAT energy range 100 MeV < E, < 300 GeV,
middle panel for current generation IACTs like VERITAS and MAGIC for E, > 100GeV,
and bottom panel for previous generation IACTs like HEGRA for E, > 800GeV . Figure
reproduced from (211).



150

reverse shock bow shock

reconfinement
shock

T® binary system

2"{3“”
(=10 ecm)

I; shocked jet .
(=10 ecm) (reconfinement region)

cocaon

shel|
.
rb
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in the text. Figure reproduced from (204).
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Figure 5.8: Test Significance (TS) map of around the the optical position of S5433 using
data from Fermi-LAT . Bright sources from 3FGL catalog excluded from background.

Contours correspond to 68%, 95%, and 99% positional accuracy. Colorbar represents TS
value. Figure reproduced from (205).
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Figure 5.9: Spectral energy distribution of data from Fermi-LAT. Models depicting gamma-
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teraction (black) processes are depicted. Figure reproduced from (205).
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Figure 5.10: Skymap from MAGIC of S5433/W50 system above energy threshold of
0.25TeV. Jet interaction regions w1, w2, and el, e2, e3 are marked with GB6 4.85GHz radio
contours in white and ROSAT broadband X-ray contours in yellow. Figure reproduced
from (208), see reference therein for details on radio and x-ray contours.
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Figure 5.11: The red and blue shifted hadronic X-ray jets of SS433 shown in Chandra
observations between 0.8-10 keV. It is from these jets that gamma-ray emission is expected
to be modulated as a function of the precessional phase ¢ (Figure reproduced from (192).
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Figure 5.12: ROSAT PSPC contour plot of the eastern lobe in energy range 0.1-2.4 keV. The
regions el e2 and e3 are centered at 24',35’, and 60" from S5433. These same ROI are used

in the analysis of VERITAS data later. Figure reproduced from (199).
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Figure 5.13: (a) Skymap of S5433 region with radio contour overlayed in green and location
of blackhole marked. Significance atlocation is 0.4¢ (b) Significance distribution at location
of 55433 BH.
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location of w2 (in western jet) marked. Significance at location is 1.2c (b) Significance
distribution at w2 location.
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Figure 5.17: 99% confidence level flux upper limits for different phases of the S5433 system
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CHAPTER 6

CONCLUSION

Many X-ray binaries have now also been detected at higher energies (> 100 GeV),
expanding our knowledge about sources that are capable of such efficient particle acceler-
ation. Although predictions have been made that tens of gamma-ray binaries should be
detected at TeV energies, only 6 have been discovered by the current generation of IACTs
in their search over the past 13 years. The striking scarcity of TeV binaries warrants the
need for better estimates of their population. Studying the currently known system will
help constrain energetics of these systems and discern the conditions necessary for the
formation of them in the first place. Comprehensive models exist for both microquasars
and neutron stars as companions to massive optical stars in TeV binaries. While observa-
tions of PSR B1259-63 have confirmed that a pulsar in binary association with a Be star
is capable of producing TeV emission, the same cannot be said for a microquasar binary
systems. High-mass X-ray binaries which host microquasars like Cyg X-3, Cyg X-1, and
55433 are yet to be detected at TeV energies.

In this work, using 10 years of VERITAS observational data, new aspects of the LS I
+61° 303 TeV binary system are discovered. Although different features of the binary can
be explained by both the NS model and yQ model neither models comprehensively satisfy

all the observational traits.

e Regular TeV outbursts continue from LS I +61° 303 near apastron phases ¢g55 —
¢0.65 seen during 2014, 2015 and 2016 observing seasons. The VHE spectrum during
the outburst is stable with a spectral index of (—2.5) ~ (—2.6). Exceptional TeV
outbursts were observed from LS I +61° 303 during October to November, 2014
with fluxes > 30% of the constant Crab Nebula flux. Photons with energy > 10 TeV
from the binary and a lack of spectral cutoff are indicative of particles with energies

> 10 TeV. Magnetic field B < 0.03 G for 10 TeV electrons and B < 0.02 G for 20
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TeV electron at apastron are calculated using conservative estimates of the emission

region (139).

TeV flux variability is on a nightly scale. Significance flux differences from data
recorded on consecutive nights were found for multiple pairs of observations at a
> 30 level. Variability at a significance 5.15¢ for one observational pair (the first
two nights during October 2014 outburst) and the sharp transitions from flux upper
limits to significantly detected fluxes over the course of 24 h during TeV outbursts
are strongly suggestive of short-term variability in TeV at nightly timescales. The
nightly variability assist in constraining the size of TeV emitting regions, i.e., the size
of possible ‘clumps’ in the wind for pulsar binary models (120, 137, 139). Based on
the X-ray variability seen on shorter times scales ~ 100 s, the size of the emission
region could be constrained to < cAt = 6 x 1010 (175). Detection of such short
variabilities are not possibile by current generation of IACTs which have longer

integration timescales for a nominal detection of LST 4-61° 303 .

Clear correlation is seen between X-ray and TeV fluxes obtained from contempora-
neous/simultaneous observation by Swift XRT and VERITAS . A Pearson correlation
coefficientof r = 0.7561“8:(1)2 is calculated for the 20 pairs of observation that were sam-
pled from 7 different orbits spanning over 3 observational seasons. Previously, a sim-
ilar correlation was found during a single orbit in 2007 (in MAGIC, XMM-Newton,
and Swift XRT data (140)). Straight line fits both sets of data had similar slopes and
intercepts. The persistent correlation between X-ray and TeV fluxes strongly hints
at a single parent particle population driving the emission in both these wavebands
and they originate in the same locality of the binary system. The NS colliding wind
model (120) where particles are accelerated at the shock front is preferred over the
1#Q model. The accelerated particle emits synchrotron X-rays and via synchrotron
self-Compton processes low-energy photons from the surrounding medium are up-
scattered to TeV energies. The TeV /X-ray correlation could constrain the size of the
emitting region to 10% of the orbital separation to a range of radii between ~ 3 x 10!!
cm (at periastron) and ~ 9 x 10! cm (at apastron) if the one-sove emitter in located

close to the compact object (180). Some authors have argued that the VHE/X-ray
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correlation seen by MAGIC was indicative of a local physical condition and cannot
be established as steady overall behaviour (217). VERITAS observations have safely
ruled out any such doubts by not only establishing persistant correlation between
TeV /X-ray wavelengths over multiple orbits, but also by confirming the trend of the

correlated fluxes that was seen previously by MAGIC.

No correlation is found when comparing the TeV and GeV fluxes from the same UTC
dates when LS I +61° 303 was observed by VERITAS and Fermi-LAT. The broad
spectral energy distribution extending from MeV to TeV range had two distinct fea-
tures. The observations for Fermi-LAT fitted well to a power-law with exponential
cutoff. The exponential cutoff was at ~ 4 GeV. The TeV part of the spectrum, using
observations from VERITAS was a simple power-law. In all Fermi-LAT pulsars, an
exponential cutoff to the power-law is seen in the 1-10 GeV range and the emission
hypothesized to be curvature radiation in the outer pulsar magnetosphere (7). If LS 1
+61° 303 hosts a neutron star (pulsar whose beamed polar radiation is pointed away
from earth), the noncorrelation between GeV and TeV radiation would be expected
since they originate in two different particle populations in two different locations
of the system. The GeV radiation from the outer magnetosphere of the pulsar and
the TeV from the bow shock created by colliding stellar winds of the neutron star
and the Be star. The GeV-TeV noncorrelation can also be explained in the framework
of the NS flip-flop model (143). The pulsar’s spin-down energy converted to HE
gamma rays were assumed to be the origin of the observed GeV emission, whereas
the TeV emission was attributed to the interaction of the Be star’s wind with the

strong "Ejector” pulsar outflow.

A quiescent TeV emission is now detected for the first time from LS I 4+-61° 303
almost throughout its entire orbit. Besides the TeV outburst seen near apastron, the
phase binned lightcurve shows a hint of elevated flux near periastron. The flip-flop
pulsar model where the compact star switches between its propeller (at periastron)

and ejector (at apastron) regimes could fit well with this behavior.

Spectral study was performed in three different parts of the orbit, apastron passage

where 0.5 < @apastron < 0.8, before periastron where ¢pperi > 0.8 & Pppei < 0.2
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and after periastron 0.2 < ¢ape; < 0.5. The spectral index for ¢apastron and ¢ aperi
were ~ 2.6 but that for ¢pp,.,; was about ~ 2.8. Similar to LS 5039 where a cutoff is
seen when the compact star is eclipsed by outflowing matter (37), LSI +61° 303 also
changes its spectral behavior at superior conjunction passage. A softer spectral index
is indicative of absorption of the higher energy photons which is also commonly seen
in AGNSs. The softer spectrum extends up to 3 TeV beyond which there could be a
spectral cutoff but it cannot be confirmed due to low statistics. Greater absorption
of photons in the higher end of the energy spectrum could be used to better model
the geometry of the orbit, which would lead to better mass estimates for the compact

star.

Both the #Q and binary pulsar model have their own merits, but neither model fully
explains LS I +-61° 303 . While the #Q model is able to predict the various temporal fea-
tures of the system like rise times of X-ray and TeV emission and superorbital period from
the astronomical beat phenomenon (105), it falls short on some key features that should
be observable for an accreting blackhole. Thermal X-ray spectrum shows no evidence
of accretion occurring in LS I +61° 303 and the this #Q models inability to accurately
describe the observed high-energy spectrum is a severe shortcoming (120). The absence of
pulsed emission from LS I +61° 303 fuels the debate in favor of the yQ model. The pulsar
wind binary on the other hand predicts the broad band spectral behaviour relatively better
(120). The changing morphology of a pulsar tail pointed away from the BE star observed in
radio wavelength also supports the NS model (122). The recent discovery of superorbital
modulation at TeV energies has refueled the pulsar flip-flop model (163). However there
are valid concerns that a slow equatorial stellar wind would overcome an energetic pulsar
wind and shape it into a cometary tail (104). A magnetar like outburst observed by Swift
from the direction of LS +61° 303 could even imply the presence of a magnetar in a binary
system, a first of its kind (143).

The search for TeV emission from gamma-ray binary candidate SS433 was also per-
formed using ~ 70 h of VERITAS data. The region where the hadronic jets of the micro-
quasar terminate in the interstellar medium are hotbeds of particle acceleration; emission
at other wavelengths have been observed and TeV emission is predicted. The location of

the blackhole, two locations in the eastern jet (el and e2) and one location at the western
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jet (w2) have been searched for TeV emission. A hint of emission may be existent at el
but detection is not claimed since the significance is < 5¢. For all 4 locations, the 99% flux
upper limits are calculated. According to the Reynoso model, TeV emission is expected to be
significantly absorbed except during certain phases of the jet’s precession for the maximum
accretion disc opening angle. VHE emission has been searched at the above mentioned 4
locations during relevant phases of maximum disc opening angle. No significant VHE
gamma-ray emission is detected for the pertinent phases and the 99% flux upper limits
have been calculated for them.

Itis clear that the simple models are unable to adequately define a complex systems like
LST +61° 303 or S5433. Microquasar binaries may have much lower intrinsic gamma-ray
fluxes which make them hard to detect. It took almost 7 years of Fermi-LAT data to get a
weak detection of S5433. More sensitive next generation telescopes like CTA may provide
definitive answers to the open questions posed by these unique systems (218). With CTA
sensitivity it might be possible to detect TeV variability on ~ 1000 s timescales and probe
deeper into the acceleration mechanisms and the dynamical mechanisms underlying the

VHE emission, which is a crucial step in understanding the apparently erratic variability.
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